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Biofuels on a Big Scale 


Switchgrass produces five times as much energy 
as required to make it into a crop-based fuel. 
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‘Agene triplicated in Down syndrome may provide 
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Converge on the postsynaptic protein rapsyn in skeletal muscle. 
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K Travis 

‘Moving forward can mean looking back at childhood fascinations 
‘or what first engaged your love for science. 

Finding the Way Back to a First (Career) Love 

5. Webb 

‘Like rekindting an old romance, the pursuit of an old interest 

‘an be exciting and rewarding 
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To ensure a steady supply of oxygen and 
nutrients, tumors send signals that stimu 
late the growth of new blood vessels. Bone 
marrow-derived cells called endothelial 
progenitor cells (EPCs) are known to be 
recruited to the tumor-associated growing 
vessels, but the presence of these cells at 
only very tow levels in the tumor vascula~ 
ture has made it difficult to assess their 
functional contribution, Studying mouse 
models of lung metastasis, Gao et al. 
(p. 195; see the Perspective by Rafi and 
lyden) show that EPCs are critical regulators 
of the “angiogenic switch” that helps drive 
the progression of dormant micrometas- 
tases to lethal metastases. Genetic manipu- 
lations that blocked EPC mobilization in 
tumor-bearing mice inhibited angiogene- 
sis, impaired formation of ung metastases, 
‘and increased survival time, 


Exotic Superconductors in 
Magnetic Field 


‘When a magnetic field is applied to a supercon 
‘ductor, a regular lattice of vortices usualy forms in 
‘which each vortex is threaded by a single quantum 
‘of magnetic flux. This proces is often described 
by the phenomenological Ginzburg-Landau the 
‘ory in terms of two length scales for the magnetic 
field, a coherence length and a penetration 

depth. Bianchi et al. (p.177) now report neu 
tron-scattering results on the heavy fermion com: 
Pound CeCotn, that show a complete departure 
from this model, The authors suggest that the 
response is caused by spin polarization of the 
‘quasiparticles within the normal state vortex core 
that arises from the superconducting state being 
near a quantum critical point. 


www.sciencemag.org 


Chemical Ins and Outs 

In bimolecular nucleophilic substitution (the 5,2 
reaction), an attacking group, usually an anion, 
binds ta carbon center and simultaneously 
ejects a leaving group on the opposite side. This 
reaction has been understood in broad terms for 
many decades, but many details have been 
obscured by medium effects and the low-energy 
discrimination attainable in gas-phase studies. 
Mikosch et al. (p. 183; see the Perspective by 
Brauman) have achieved precise contol over the | 
425 phase collision energies of Ct and CH,! and | 
‘mapped out the quantum mechanical dynamics 
that lead to CH,Cl and I Analysis in concert 

vith theoretical simulations reveals a progres 

sion with increasing energy from a mechanism 
involving a pre-reaction complex toa more 

direct displacement 


Cold Cretaceous Pockets 
Although the Cretaceous was a period of excep 
tionally warm ea surface temperatures and high 
‘sea levels, geological and isotopic evidence (such 
‘as sea-level changes and 8440 excursions) sug 
(gests that glaciation occurred during that period. 
Bornemann et al. (p. 189; see the news story by 
Kerr) now show significant glaciation occurred 
during the peak ofthe Creatceous warmth, around 
91 milion yeas ago. By combining measure 
‘ments of the 60 of foraminifera, which is a func: 
tion of ocean temperature and ice volume, and a 
‘membrane lpi index that solely reflects temper 
ature changes, the authors show that there was a 
200,000- year interval of glaciation, possibly as an 
ice sheet in Antarctica about half the sie ofthe 
cutentice cap 


Dwarf Galaxy Puzzles 

The stars and dark matter of dart galaxies are 
less concentrated than theories predict 
Mashchenko et al. (p. 174, published online 29 
November) used computer sim 

ulations to model the effects 
of expelled material from 
supernovae and stella 
winds on the overall, 
properties of dwarf 
galaxies. Such stellar 
feedback of material 
drives large-scale bulk 
‘motions of interstellar gas 
that change the gravitational 
potential such that the central matter density of 
the galaxy is reduced. This effect helps explain 
many puzzling properties of dwart galaxies, such 
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5 their large dark matter cores, globular cluster 
distributions, and stellar population gradients 


Where the Action Is 
‘Animmune response to infection begins within 
the secondary lymphoid tissues, where foreign 
antigen is presented to T cells by dendritic cells, 
‘Activated T cells then migrate to the infected 


| peripheral tissues. Wakim et al, (p, 198) present 


evidence that may revise the view that peripheral 
sites are simply arenas for the end stages of 
‘combat. A pathogen (herpes simplex virus) was 
‘experimentally reactivated in transplanted nerv 
‘ous tissue in combination with adoptively trans: 
ferred Tcells Fresh T cell activation was detected 
at these sites, and as happens in lymph nodes, 
this process required dendritic cells and the help 
of CD4* cells 


Expressing Estrogen- 
Responsive Genes 


Estrogens, upon recruitment of their cognate 
receptors, govern the expression of target genes 
Perillo et a. (p. 202) show that transcription of 
estrogen responsive genesis driven by hormone 
dependent demethylation ofa critical lysine in 
histone H3 to induce a local oxidative burst that 
modifies the surrounding DNA by guanine oxida 
tion, whichis subsequently removed by specific 
slycosylases. 8-ox0-guanine-DNA glycosylase 1 
and the topoisomerase Is enzyme are recruited 
to these loci and bend the intervening DNA- 
«thromatin region to mark the ste where tran 
scription begins and drive expression of estrogen 
responsive genes 


Find Your Partner 
The interactions of proteins with each other and 
‘of protein subunits within a complex are, as one 
would expect, primarily dictated by the amino: 
acid side chains located atthe contact inter: 
faces. Interfacial residues can be hotspots of 
evolutionary change, and cross-species 
comparisons of changes often provide 
insights into the link between oligomeric 
structure and catalytic-regulatory func: 
tions. Grueninger et al. (p. 206; see the 
Perspective by Janin) have applied these 
insights in a project to alter, in a rational fashion, 
the oligomeric state of five enzymes. The authors: 
conclude that symmetry elements are key to 
achieving success in the redesign of natural 
protein-protein interactions. 
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A Case for New Institutions 


THE ENVIRONMENT IN MOST COUNTRIES 1S BEING DEGRADED, POVERTY WORLDWIDE |S 
increasing, and the gaps between rich and poor individuals and nations are widening. One half of the 
world’s human population still survives on less than $2 per day. These people face the prospect of 
‘environmental degradation of their ecosystems that is likely to be exacerbated by climate change, Yet 
these local ecosystems contain much of our planet’s biodiversity and are also the of livelihoods 


‘of knowledge in developing countries. 

Increased knowledge has always provided the basis for human advance. In recent times, wealth has been 
generated mainly by technical innovation and entrepreneurship, whereas gains on social and environmental 
fronts have been driven by a broader intellectual tradition, In developed countries, these traditions have been 
organized into knowledge institutions such as universities. In developing countries, modern universities 
have, unfortunately, lacked the historical, social, economic, and political contexts that 
shaped those in the developed world. Asa result, these institutions have largely failed 
toaddress contemporary economic and environmental problems. 

Moreover, knowledge institutions inthe developing world face unique challenges. 
Current problems associated with hunger, inequities, and environmental degradation 
are complex and require considerable human resources and new knowledge. And 
institutions that can translate knowledge into action, such as nongovernmental 
‘organizations, extension arms of universities, and community user groups. are 
very few and have a weak capacity to meet contemporary needs. Universities in 
the developing world, generating knowledge for knowledge’s sake or, more 
often, duplicating knowledge, are not moving fast enough to develop programs 
to meet new challenges. 

Innovative knowledge institutions and partnerships are needed, and they must be 
guided by certain principles. Highly varied local situations and the uncertainty of 
complex social and ecological systems call for flexible, experimental, and adaptive 
learning-based approaches. The new institutions must also be problem-driven, The 
alleviation of poverty and environmental sustainability should be explicit goals for 
which knowledge must be generated. Institutions must transcend traditional 
disciplinary boundaries to generate new ideas and technologies and link science 
\with policy and governance to frame questions and foster social change. Two examples 
‘of such new institutions in the developing world meet only some of these criteria: 
the Ashoka Trust for Research in Ecology and the Environment (ATREE) in India and the EARTH University 
in Costa Rica. Considering the magnitude of the problems, many more are required. 

Our experience with ATREE suggests that new knowledge institutions function best by having partner- 
ships with nongovernment and government agencies, as well as with community organizations, Flexible 
mandates, freedom from bureaucratic control, and a focus on specific problems, such as the harmonization 
of rural livelihoods and conservation at specific sites (for example, in the Western Ghats and Eastern 

laya biodiversity hot spots). have been critical for forging frameworks to implement work that is 
relevant to the identified societal needs. Collaboration with appropriate institutions in the developed 
orld that entails integration of different knowledge systems, mutual respect. and symmetrical partner- 
ships adds.a global perspective that is important for sharing knowledge and resolving global problems, 

‘Several supportive actions are necessary for new institutions to emerge and flourish. China, India, and 
other countries are making huge investments in knowledge institutions and could easily channel resources, 

(0 new institutions or into existing institutions that adopt broad public mandates. The new class of 
wealthy social entrepreneurs emerging in the fast-growing economies of Asia and Latin America, 
committed to philanthropy. could be convinced that support for these new institutions will provide 
stable long-term solutions, even when immediate results from social welfare programs may seem 
more attractive. Finally, the reallocation of resources by bilateral donor agencies and foundations from 
short-term projects to new institutions that genuinely address long-term capacity-building could also 
reverse the present economic and environmental trends. 

—Kamaljit S. Bawa, Ganesan Balachander, Peter Raven 


10.1126/science.1151835, 
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DEVELOPMENT 
A Need for Glia 


The mammatian cerebral cortex, the seat of higher 
thought, develops from the inside out, as younger 
‘neurons born in the ventricular zone migrate past older 
‘neurons to form ever more superficial layers. Radial glial 
cells serve as guide wires along which the migrating 
‘neurons travel, and these same radial glial cells also serve 
to produce new neurons. As migrating neurons navigate 
through the glial cel scaffold, they move stepwise by 
‘means of transient adhesive contacts mediated by gap 
junction proteins, Integrins are cf} subunit receptors 
located inthe plasma membrane and link the extracellular 
matrix to the intracellular cytoskeleton. Belvindrah et al. 
hhave taken a closer look at how [31 integrin contributes to 
the organization of these cortical cell migrations. They 
used an existing mouse line, in which both radial glia and 
‘migrating neurons were deficient in (31 integrin, and 
compared it with a mouse line they developed for this 
analysis, with (3 integrin knocked out only in the migrat- 
ing neurons, When the radial glia lacked (32 integrin, they 
seemed disorganized in their anchor point, and the cortex 
developed abnormally, whereas when only the neurons 
lacked [51 integrin, migration proceeded normally. 
Tissue culture analysis showed that the normal formation 
of neurite extensions depended on the expression of 2 
integrin in the alia, but not in the neurons. It seems that 
what matters for how [31 integrin affects the layering of 
the developing cortex is not its expression in neurons but 
rather its expression in glial cells. — PIM 

‘Neurosci. 27, 13854 2007). 
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vinotosy 
Aided by Amyloid 


The role played by semen in the sexual transmission of HIV may be more than simply as an 
innocuous carrie. Miinch et ol. show that semen contains factors that can actually amplify 
the infectious potential of HIV by helping to promote the binding of the virus to target 
‘ells, Within semen, the enzyme prostatic acidic phosphatase can break down and form 
fragments that can, in turn, coalesce into amyloid ike fibrils, These fibrils can bind to HIV 
virions and enhance their binding to target cells—effectively amplifying the chance of 
successful viral infection by several orders of magnitude. Addition ofthe fibrils at physio 
logical concentrations increased HIV infection in susceptible cell cultures, cultures of 
human tonsils, and in transgenic rats. Remains to be confirmed to what extent this mech- 
anism is effective during human-to-human sexual transmission, but if it is an important 
factor, it may represent a valuable target in efforts to prevent transmission, — SMH 

ell 132, 1059 (2007), 


MATERIALS SCIENCE 
How to Walk on Water 


‘Water striders can skate and jump on water without drowning. 
Te legs of these insects have a hierarchical structure of 
hydrophobic hairs; the resulting highly water-repellent sur 
face is thought to help the insects move on water, because 
small hydrophobic objecs can float, or sink with a delay, 
‘even when their density is higher than that of water, Float: 
ing is one thing though—jumping onto and off of aliquid water surface quite another. 
How do the impact conditions affect the response of the water surface? To investigate this 
‘question, Lee and Kim studied the impact behavior of small superhydrophobic spheres. 
They found that at low impact velocity, the spheres oscillate on the surface while afloat, As 
the impact velocity increases, they bounce off the water surface, At even higher velocity, 
the spheres penetrate the water surface and sink. Whether the spheres bounce off depends 
‘on the viscosity ofthe liquid and the hydrophobicity of the sphere. Thus, the superhy 
<drophobic legs are crucial to the water strides’ ability to jump on water and avoid drown 
ing, Future robots may mimic such behavior. — JFU 

Langmuir 24, 142 (2008). 


cuemistay 
Aromatic Surprise 


Unsaturated hydrocarbon rings are constructively classed by their numberof electrons 
availabe for pi-bonding: A multiple of four confers instability in a planar configuration (as 
incyctobutadiene), whereas even nonmultiples of four (asin benzene and naphthalene) 
confer exceptional stability, termed aromaticty. Cyclic analogs in which the carbons are 
replaced by heavier atoms can be subject to greater degrees of spin-orbit coupling, and it 
is thus unclear how straightforwardly the aromaticity picture extrapolate, 

Ugrinoy etal. explored this question in analyzing an unusual compound they pre: 
pared and crystallographically characterized—a dianionic parallelogram with arsenic (As) 
‘and tllurium (TE) centers at opposite corners and charge-balancing potassium cations 
sequestered by crown ethers above and below the plane. A simplistic analysis would sug- 
‘gest that four lone pairs (one each per As and Te center) should sum to an anti-aromatic 
«configuration. However, calculations using density functional theory suggest that the 
‘experimental geometry is consistent with a spin triplet ground state and that the net 
electronic configuration is in fact closer to an aromatic system. — JSY 

1. Am, Chem. Soc. 10.102¥}20755131 (2007). 
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The Wine Divide 


Environmentally conscious enophiles in the east 
ern third ofthe United States may be in fora sur 
prise. A recent analysis of carbon emissions sug 
‘gests that they will contribute less to global 
warming if they drink French rather than 
California wines 

Wler Colman, a wine blogger 
(wwyaxcrvino.com) and instructor at New York 
University, teamed up with Pablo Paster, a sus 
tainability engineer at URS Corp. in Oakland, 
California, to do a carbon life-cycle analysis. Their 
conclusion: Transportation outweighs all aspects 
of production, Shipping a 750-mililter bottle 
froin Bordeaux to New York City emits 1.8 kilo 
‘grams of carbon, whereas trucking one from the 
Napa Valley emits 2.6 ka. 


The Napa-Bordeaux line. 


Other wine tips the authors report in a work 
ing paper posted at wirw.nine-economics.og 
Because most ofthe weight isin the glass, bigger 
bottles are better. Boxed wine isa good alterna 
tive, but local wine isthe greenest of all 


Genes R Us 


Personal genomics revved into high gear last 
year thanks to ONA chips that make it possible 
to cheaply scan the entire genome (Scien 
21 December 2007, p. 1842). You can track 
the flood of new discoveries at SNPedia 
(vmwsnpedia.com), a Web site run by two 
biotech veterans in Bethesda, Maryland, that 
«catalogs SNPS culled from the literature 

SNPS are single-nucleotide polymorphisms: 
single-base variations in DNA that researchers are 
tying to traits and disease risks. Browse by medi 
«al conditions (77 so fat) and discover, for exam 
ple, that carrying two copies of the T version of a 
SNP called 152273535 raises your risk of colon 
«cancer by 50%; another SNP, 156152, is associ 
ated with baldness. Visitors can also search by 
‘genetically influenced drug reactions (48) and, 
‘genes (128), There are links to relevant papers 
and sites (including James Watson's and J. Craig 
Venter’ respective genomes) and to blogs by 
people who are sending their DNA toa lab to be 
“SNP chipped.” The site is aso a wiki, which 
‘means anyone can contribute 


The site “could be a very valuable research 
tool,” says computational biologist Mark Daly of 
the Broad Institute in Cambridge, 
‘Massachusetts. “It will be great to see 
how this develops.” 


Man With a 
One-Wheel Mind 


‘retired unicycling dermatolo 
Gist has gotten press, and a few 
laughs, by claiming a tink between 
testosterone and humor. 

‘Sam Shuster of Newcastle upon Tyne, UK. 
rode around town on his unicycle for a year, 
recording the reactions of 400 passersby. 
Reporting in the 22 December 2007 issue of the 
British Medical Journal, Shuster relates that 
about 75% of male reactions were “attempts at 
comedy,” whereas 95% of the females “praised, 
encouraged, or expressed concern.” The most 
aggressive reactions came from youthful males, 
who shouted things such as “all off, randdad” 


MA 


NM 


EDITED BY CONSTANCE HOLDEN 


and kicked soccer balls at him, Responses mel 
lowed with time, Shuster observed, with 
older men joking about his having 
lost a wheel or his handlebars. 
Elderly men tended to com: 
‘ment on the difficulty, saying 
things such as “It’s quicker 
to walk.” Shuster’ interpre 
tation is that asmen age, 
“aggression is concealed by 
wit.” He speculates that 
humor eventually takes on a 
tite ofits own, persisting beyond 
high testosterone levels 
Sociologist Alan Booth of Penn: 
sylvania State University in State College is skep 
tical ofa testosterone-humor connection—except 
“to the extent humor means demeaning some: 
‘one.” Aggression is “probably just one aspect” of 
humor, suggests psychologist Roy Baumeister of 
Florida State University in Tallahassee, He says 
that in his experience, men are often more likely 
than women to use self-deprecating humor, 
hardly an expression of aggression. 


Hang Up and Get Moving 


Research has shown that talking on a cell phone makes a driver about five times as likely to 
have an accident. Now it turns out that cll phones also cause traffic congestion and delays. 

Researchers led by David Strayer, a psychologist at the University of Utah, Salt Lake City, 
put 36 undergraduates into a driving simulator and had each drive about 15 kilometers of 
{reeway with various amounts of traffic. f they were talking on a hands-free cell phone, they 
drove 3.2 kilometers per hour more stowly and were 21% less likely to pass a slow-moving 
vehicle on a crowded freeway. 

That means for a typical commuter, talking could lengthen the drive time by 5% to 10%, 
the group estimates in a paper prepared for this month's meeting of the National Academies’ 
Transportation Research Board in Washington, D.C. “As you increase traffic density, the impact of 
distracted drivers becomes more pronounced,” says Strayer. The team is now using traffic mod: 
ls to figure out the exact toll on other drives. It could be big: In 2005, the U.S. Department of 
Transportation found that 6% of drivers were using cell phones at any Given daytime moment, 
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<< Two Cultures 


HEADBANGERS. The Amydaloids, rock band formed 
by researchers at New York University. has played only 
10 shows in its first year of existence. But the ba 
songs about brain science, fear, and love now g 
new CD, Heavy Mental, and last week the band 
free performance at the Kennedy Center in Wash 


D.C. Here's who they are: 
Band Member Music Idol Science Idol Favorite tyric 
Joseph LeDous, Guitarist Darwin “Mybody wants you but my mind 
NeseowertutRythm gutarst_ Pete Kennedy saya 
‘Wina Galbraith Curley Bassist, Marie Curie “Youleftatrace in my memory 
Grad stadeneRassutrist James amerson Apesanet place in my synaptic sa.” 
‘Daniela Schill, Singerhonguriter Abert Einstein You cant see inside of me 
. Poder Tom Watts That'sa place only an be.” 
— TWler Valk, Gaara Galileo “Don't go looking too hard / 
Bblogsttead guitarist imi Hendrix isallanutin your brain.” 
= 


MOVERS 

‘QUALIFIED. Merit triumphed over polities in 
Italy's choice of a new research chief, according 
to scientists who hope that big changes wil fol 
low. Theoretical physicist Luciano Maiani was 
named head of the $1.5 billion National 
Research Council (CNR) in December and is 
‘expected to be confirmed soon to the 4-year 
ost. Maiani, best known for jointly predicting 
the charm quark with two other scientists, 
served as director general of CERN from 1999 
to 2003 and previously ran Italy's National 
Institute of Nuclear Physics 


CNR has been 
without adiector 
since the resignation 
of former chief Fabio 
Pisela last summer. 
Gries aimed that 
Pistella wasa political 
favorite and publicly 
challenged his quali 
Cations to run the 

a agency. Last year, to 
«ut politica interfer 

ence, the italian government adopted a new 

system fr selecting research heads, in which 
an international selection committee sis 
applications and proposes three names tothe 
government to choose from. Matani was picked 
from about 50 applicants. 

Maiani says he wants to restore CNR’s role 
asthe primary driver of lalan research. He 
intends to ramp up the agency's programs in 
particle physics, astronomy, and areas of 
medicine and biology. Luciano Pietronero, 
head of CNR's Institute of Complex Systems in 
Rome, says Maiani’s experience makes him 


"perfectly suited for the challenge of revital 
the agency.” 


IN THE COURTS 

CLEARED. A French court has removed the 
taint of espionage from chemist Luu Bang. But 
uu is still looking to his employer, the National 
Centre for Scientific Research (CNRS), to restore 
his honor. 

Luu, 67, was arrested at the Strasbourg air 
port on 8 April 2006 while on his way to 
Guangdong, China, to attend a seminar on 
Sino-French collaboration. Border police found 


tive scientific partners in China, but CNRS filed 
a theft report and suspended Luu as emeritus 
researcher (Science, 28 April 2006, p. 512), 
The French government eventually charged 
him with “breach of trust” for trying to take the 
samples abroad without proper consent. But 
last month, an appeals court in Colmar in east 
em France said that CNRS did not have internat 
rules governing such shipments and that Luu 
had notified the French consulate in 
Guangzhou of his plan. The government did 
not use the 5 days it had to appeal the verdict. 
CCINRS did not respond to requests for comment, 


four vials containing a white powder in his suit 
«ase. Luu said they were chemicals for prospec- 


FIRST IN CLIMATE. The founding chair of 
Deaths trenobe Prize-winning Intergovernmental 
Panel on Climate Change (IPCC), Bert Bolin, 82, died 30 
December 2007 in Stockholm, Sweden, of stomach cancer. 

“Alot of credit [for the Nobel] has to go to Bert,” says 
Robert Watson of the University of East Anglia, U.K, Bolin’s 
successor at IPCC. “If he had not done the superb job that he 
did, it wouldn't have happened.” IPCC’s current char, 
Rajendra Pachauri, and Al Gore accepted the prize at the 
Nobel ceremony last month. 

Beginning in the 1950s, Bolin’s work at Stockholm 
University on the cycling of carbon through land, ocean, and 
atmosphere drew attention to the carbon cycle’s vital role in 
‘climate change. In 1988, he became IPCC's first chair and set 
the organization’s direction through its frst two major ci- 
mate assessments involving thousands of climate scientists. 
Ate the Nobel Peace Prize was announced, he told Science 
that their hard work helped “to unite the scientific community 
around the part of climate knowledge that is really robust 
without going beyond that to speculation.” 
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PARTICLE PHYSICS 


Budget Cuts Mean Layoffs at Two 
DOE Labs, End for SLAC Collider 


An unexpectedly tight science budget this 
year at the U.S. Department of Energy (DOE) 
Will shut down a particle collider in California 
and curtail acti other accelerator labs 
in tl 
\ 


ities 


ois. In addition, up to 325 scientists, 

hnicians, and workers are facing layofts 
fier Congress last month turned a planned 
i increase in the particle physics budg 


4 


into an 8, 


reduction. 
The 2008 budget, signed into law th 
after Christmas, hit DOE’s particle physies 
program especially hard (Science, 4 January. 
p18), Physicists. the Fermi National Accel- 
erator Laboratory (Fermilab) in Batavia, Ii- 
nis, fretted that their Tevatron collider would 
have to shut down for a month, Instead, DOE 
officials have decided to pull the plug on the 
PEP-Il collider at the Stanford Linear Accel- 
erator Center (SLAC) in Menlo Park, Califor- 
nia, at the beginning of March, 7 months 
ahead of schedule, SLAC Director Persis 
Drell announced on 7 January. 
This came 


I surprise.” says 


Hassan Jawahery, a physicist at the University 


Projects to 


Workers now 


PEP-Il isa victim of cuts aimed at other proj- 
ects. Federal legislators slashed by three- 
quarters DOE's requested 
$60 million for research and 
development for the proposed 
International Linear Collider 
(ILC), a 30-kilometer-long, 
muhtibillion-dollar particle 
smasher that many physicists 
say is key to the fields future 
us chers hope the 
machine will be built at Fermi- 
lab, but the 2008 cuts east a 
ddark cloud over the entire proj- 
ect, Research on supercondixt 


ing accelerator technology. 
known as SRF, wound up with 
$$ million rather than the 
$23 million requested. For 
Fermilab, an expected $47 million turned 
into $15 million. SLAC got $4 million for ILC 
instead of $20 million 

Those numbers jolted both labs, which 
had already spent all the money they will 


director, Persis 
layotts. 


2008 budget 2008 funding 


be halted on project request allocated 
Fermilab WC ay $24 $10 million 
SRF $23 million $5 million 

NOvA (neutrinos) 70 $36 million none 
‘SLAC ita B $20 million ‘$4 million 
Running PEP-t NA $22 million $15 million 


Down and out. SLAC will shut down PEP-II in March, and hundreds of people will be laid of atthe two labs, 


to cope with a disappointing 2008 budget. 


of Maryland, College Park, who leads the 
600-member international collaboration 
working with BaBar, the particle detector fed 
by PEP-IL “We hada full program ahead of us.” 

SLAC will also lay off 125 of its 1600 
employees. “While I cannot reduce the ma 
nitude or the impact of the coming layoff, 1 
can acknowledge how painful this will be.” 
Drell told the lab staff. SLAC administrators 
had already planned to replace 100 employ- 
es as researchers complete an x-ray laserand 
pursue studies in materials science. 

Like a bystander hit by an errant bullet, 
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receive this year for those projects. The day 
after the budget passed, Fermilab Director 
Pier Oddone announced that 200 of the lab’s 
1900 employees would be laid off. But 
because the labs must give 60 days” notice. the 
ILC and SRF projects will effectively con- 
sume millions of dollars more. Oddone now 
healthy budget request for 2009. due 
out next month, could mean fewer layoffs 
That money must come out of other proj- 
ects. At first, Fermilab officials worried that 
they would have to shut down the Tevatron, 
even as researchers strain to spot the Hi 


Shared pain. SLAC’s new 


Protecting 
from the Navy's 
sonar 


boson before it is snagged by the higher- 
energy Lange Hadron Collider (LHC), which 
will power up this summer at the European 
lab, CERN, near Geneva, Switzerland, “It’s a 
critical time for the Tevatron,” Oddone says 


But he says a “rolling furlough.” in which all 


employees take 2 or 3 days.a month of unpaid 
leave, will keep the machine going 
EP-I1 won't be so lucky. DOE cannot 
afford to run both colliders, so offi- 
cials opted wo scuttle PEP-Hahead of 
its scheduled shutdown on 30 Sep- 
tember, “Based on th 
have received fro 
community, .. the operatio 
Tevatron in 2008 has a h 
entific priority” says E 
of DOES OMT 

Both machines are looking for 


iidance we 


the scientific 

ofthe 
her sei- 
nis Kova 
eof Science, 


signs of massive new particles, but 
in very different ways. Fermilab’ 
Tevatron aims to create the Higgs 
and other new particles by smash- 
ing protons into antiprotons at the 
highest enemies. By colliding: 
trons and antielectrons at lowe 
SLAC’s PEP-II produces copious 
quantities of particles called B mesons, whose 
properties depend on particles popping in and 


PEP-II has produced about 500 million 
B meson/anti-B meson pairs since 1999 and 


would have produced 250 million this y 
alone. The extra data could have rev 
decays, Jawahery says, and would have 
helped BaBar compete with the Belle experi- 
ment at KEK, the Japanese lab at Tsukuba, 
Which is fed by the KEKB collider 

Overall, the DOE particle physies budget 
fell to S688 million from a requested 
$782 million; it received $752 million in 
2007. Few expect the budget to rebound next 
year, “We've had 2 years in which increases 


led rare 


for the physical sciences were eliminated at 
the last minute.” says Burton Richter, former 
director of SLAC. “Are we going to be in the 

same sort of budget stalemate in 2009 
Meanwhile. particle physics proceeds 
apace in Japan. Last week, KEK officials 
announced that they intend to build a “super 
B factory” to crank out even more B mesons 

‘once KEKB finishes its work in 2009. 
ADRIAN CHO 


www.sciencemag.org 
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VIROLOGY 


HIV Gets By With a Lot of Help From Human Host 


HIV is ridiculously simple yet astonishingly 
‘complex, The virus contains mere 9000 bases 
of RNA—one-millionth the amount of genetic 
material ina human cell—and a paltry suite of 
nine genes that code for'a measly 15 proteins. 
Yetthis virus can relentlessly nibble at immune 
cells until the entire system collapses, opening 
the door fora vast array of illnesses and ulti- 
imately, death, For HIV to do its damage, how- 
ever, it must repeatedly infect new cells and 
‘copy itself, feat that requires help from its 
human host, And asa startling paper published 
online (wwwsciencemag. org/¢gi/content 
abstract/1 152725) by Science this week 
explains, that’s where HIV's complexity 
becomes abundantly apparent. The findings 
also spotlight intriguing, novel drug targets. 
“This is destined to be one of the key HIV 
papers of this decade, if not longer.” says 
Robert Gallo, who heads the Institute of 
Human Virology in Baltimore, Maryland, and 
did! Landmark studies that tied HIV to AIDS. 
Using cutting-edge moleculartechniques, a 
team led by geneticist Stephen Elledge at 
's Hospital in Boston 
found that the virus relies on 273 human pro- 
teins to do its dirty work. These so-called HIV 
dependency factors (HDFs)—only 36 of 
Which researchers had previously identified: 
enable the virus to attach to immune cells, 


wiggle in, shed the protein coat that sur- 
rounds its RNA, convert that to DNA. 
shuttle the genetic material into the 
nucleus, transcribe genes intoamino acids, 
and then assemble proteins, sprinkle them 
with sugars, and help newly minted HIV 
‘bud through the surface, where they then 
go on to find their own cellular prey 
ome viruses carry their houses on their 
backs, and other viruses invade other 
people’s houses and take over,” 
Elledge, who had never done an HIV study 
before but was attricted by the virus's small 
IV ismore of the latter, and itrequires 
lots and lots of different host functions.” 

4 Elledge. postdoc Abraham Brass, and 
© co-workers—including Judy Lieberman. 
4 irecor of the Division of AIDS at Harvard 
i 


Medical School in Boston—fouind these HDF 
by using libraries of recently discovered small 
interfering RNAS(siRNAS), which can disrupt 


w.sciencer 


and thereby prevent g 
products. Specifically they took 
human cells and effectively short-circuited 
every known gene, one at a time, and then 
tested whether HIV could establish an infec 
tion and copy itself: In all, their zenomewide 
RNA interference screen disrupted more than 
21,000 human genes, and by a process of el 

nation, they isotated the ones that HIV hijacks, 
excellent example of siRNA 
.” says retrovirologist Warner 


nes from 


stone Institute of 
Virology and Immunology at the University of 
California, San Francisco. “This single paper 
could guide several interesting graduate stu- 
dent theses in the future.” 

Gallo says the findings have already led 
to many new insights. and he shares the 
study investigators” enthusiasm that these 
HDFs may make excellent targets for 
drugs. Elledge compares the strategy to that 
of much-ballyhooe 
angiogenesis inhibitors, which st 
blood supply to tumors rather than 


ancer drugs known as 


ingle the 
tack 
the tumors themselves. 


More than two dozen current drugs dis- 
able key HIV enzymes, (The US. Food and 
Drug Administration in August for the first 
time approved an HDF inhibitor, which 
blocks.a receptor the virus docks onto for cell 
entry called CCRS, but its use is limited to 
people who have failed to respond to several 
other drugs. Although drugs that cripple HIV 
‘work powerfully when combined into cock- 
tails, the virus can mutate around each of 
them. preventing them from binding to their 
viral eventually leading to drug resist- 
ance, Elledge and co-workers contend that 
HIV would have more difficulty escaping, 
drugs that interfere with HDFs, True, HIV 
could evolve the capacity to copy itself with- 
out one of these factors, but that’s a much 
‘more difficult task forthe virus than mutating 
to prevent a drug from binding to a viral 
enzyme. On the flip side, human proteins 
don’t mutate with anywhere near the ease of 
viruses. which makes it less likely that an 


HDF would develop drug resistance. 
Greene and others caution that targeting 
host proteins could lead to serious 


Complex relationship. HIV (top, purple) relies on more than 200 human proteins to infect immune cells, 
center the nucteus, integrate itself into the chromosomes, and then make copies of ise 
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side effects—afier all, these HDF presum- 
ably exist to help humans, not the virus. It's 
also a tall order to discover effective 


Nguyen, who with colleagues at the 
Genomics Institute of the Novartis Research 
Foundation in San Diego, California, 
recently published a more limited siRNA 


study to identify new HIV treatment strate 
gies. “Unfortunately, I think this barrier 


GEOPHYSICS 


Daggers Are Drawn Over Revived Cosmic Ray-C 


Last year, climate change scientists thought 
they had drivena silver stake through the idea 
that fluctuations in solar activity were behind 
global warming in the last century. Now, a 
high-profile team led by geophysicist 
Vincent Courttlot, director of the Institut de 
Physique du Globe in Paris, has sought to 
raise the dead in a paper linking changes in 
Earth's magne Ad to temperature varia- 
tions in recent millennia. 

The paper, which appeared last year 
in Earth and Planetary Science Letters, has 
drawn fieree criticism, including a rebuttal in 
the 15 January issue of ZPSE., and sparked a 
rancorous debate on a climate blog. “There is 
ng new nor valuable in Courtillot’s 
* asserts Gilles Delayue, a geochemist 
at the University Paul Cézanne Aix-Marseille 
3. Not so, says Courtilot. “IF 
wwe are proven to be right, this 


eK 
will seriously backlash on sei- "| 9 
centists’ credibility.” he says. uw 2 
Toillustrate how the sun and 7 
Earth's magnetic field influe 

ence climate, Courtillor’s team «= 
presented a graph depicting, 


how fluctuations in solar bright- 
‘ness and the strength and orien- 
tation of the geomagnetic field 4 
shifted up and down in unison 
with global temperatures dur- 
ing the past century. This was 
particularly apparent, they 
claim, from 1940 wo 1970, when 


ing of 


0.2°C decline in 
average annual global tempera 
tures. On centurial scales, Courtillot’s team 
speculates that a higher flux of cosmic rays 
seeds cloud formation: more clouds would 
result in lower temperatures. On a millennial 
scale. they argue, changes in Earth's inner 
dynamo lead to rapid shifts of our planet's 
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won't be crossed for a while.” predicts 
ryen, who says industry's interest in anti- 
drug R&D is also waning. 

Elledge acknowledges the hurdles but 
counters that many marketed drugs against 
other diseases target human proteins and 
provide more benefit than harm. And the 
hundreds of HDFs his group has identified 
may play limited roles in human health and 
development. “Perturbing one may not have 


magnetic dipole, Currently, the magnetic 
north and south poles are located near the 
geographic poles, funneling cosmic rays into 
‘a bone-dry lower atmosphere. According to 
the team, when the dipole wanders toward 
more humid latitudes, more cosmic rays may 
interact with water vapor in the lower atmos- 
phere, influencing cloud formation. 

Their study challenges reports last year 
from the United Nations Intergovernmemtal 
Panel on Climate Change (IPCC), which hold 
that the primary driver of global warming in 
the past century is rising atmospheric concen- 
trations of carbon dioxide and other sre 
house gases, langely from industrial and auto 
emissions, Courtillot is one of a handful of 
‘credible scientists who reject IPCC's bottom 
line, “Magnetic field fluctuations and sun 


More than a coincidence? In this controversial figure, Vincent Cotillt and colleagues 
argue that variations in Earth's geomagnetic field (ESK and SIT) and solar irradiance are 
linked to global temperatures in the 20th century, until the advent 2 decades ago of what 
they cll an “anomalous warming,” 


pulses fit with global temperature change bet- 
ter than carbon dioxide does.” he rts, 
reviving a hypothesis that many scientists 
believe the IPCC reports had discredited. 
Knowing they are touching a sore spot, 
‘Courtillot cautions: “We are not yet drawing 


a profound effect on a cell, but it may on 
HIV? he says. Yet he agrees that this flood of 
new data is confusing: “It takes some hard 
thinking about where to go next.” 

Greene says the most immediate chal- 
lenge is to elucidate the molecular details of 
how these 273 HDFs interact with HIV. 
“Currently, the authors can only suggest 
possible connections.” he says, "But what a 
great starting point.” “JON COHEN 


mate Link 


conclusions nor giving definitive explana- 
tions, We are providing new evidences from 
observations.” He and his team acknowledge 
that “anomalous warming” in the past 
2 decades apparently cannot be linked to solar 
‘or geomagnetic activity, although they decline 
toascribe itto greenhouse gases, 

“limate change researchers have set out 0 
strangle the hypothesized climate-zeoma 
connection in its crib, In a comment in EPSL, 
Delaygue and climatologist Edouard Bard of 
the Collége de France point to flawed analyses 
of temperature recordsand other data that they 
claim undermine the study. Above all, they 
dismiss the proposed link between solar 
brightness and cooling in the middle of the 
20th century. That cooling, Bard says, 
known to be linked to sulfate aerosols, mainly 
from industrial emissions. 
“This was an obfus ion of a 
well-understood phenom- 
won." geophysivist Raymond 
Pierrehumbert of the U 
versity of Chicago in Illinois 
commented on RealClimate. 
‘org, a Web site run by climate 
scientists. Climatologist Phil 
Jones of the University of East 
‘Anglia in Norwich, U.K. adds 
that there is no need to invoke 
geomagnetism to explain the 
temperature record. 

This s unlikely to bethe last 
‘word in the saga. "Many mech- 
anisms that have been debunked 
have not been debunked at all” 
claims Courtillot, who says that 
he will son publish two studies 
arguing that methods used to 
‘measure global temperature need to be revised. 
Delaygue and many others, however, say that 
Courtllot’s group is doing more harm than 
good by downplaying the carbon dioxide— 
climate change link. “JACOPO PASOTH 
Jacopo Pasotisa writer in Basel Switzerland 
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PALEOCLIMATE 


More Climate Wackiness in the 
Cretaceous Supergreenhouse? 


Climate modelers already had their hands 
full explaining what warmth-loving eroco- 
diles were doing in the high Aretic 90 mil- 
lion years ago in the Cretaceous period. 
They just couldn’t make their models get 


that warm in any polar region—north or 
south—without some serious cheat 


Then, some researchers claimed they had 
evidence of a great sheet of glacial ice sit- 
ting on Antarctica at the height of this 


Cretaceous hothouse, 


Good-looking. isotopic analyses of 
forams, which suggest there was ice in 
the Cretaceous hothouse, depend on appar: 
cently unaltered shells (scale bars = $0 ym). 
Now, on page 189, paleoceanographers 
present new data that make a case for ice. 
“They've done it exactly right,” says paleo- 
ceanographer Timothy Bralower of Penn- 
sylvania State University in State College. 
“This is a provocative paper. It's going to 
stir it up again.” 

The new work draws on a classic analy- 
sis of microfossils boosted by a newer 
innovation, Paleoceanographer André 
Bornemann of Leipzig University in Ger- 
many and his colleagues analyzed appar- 
cently unaltered Foraminifera picked froma 
sediment core drilled from Demerara Rise 
beneath the western equatorial Atlant 
Following a classic technique, the 

z researchers measured oxygen isotopes in 
the forams’ shells. They found a sharp shift 
toward the heavier oxygen-18 isotope in 

® both surface- and bottom-dwelling forams 
from 91.2 million years ago. 

§ Borneman and his colleagues take the 


sciencemag, 


200,000-year-long isotopic spike as a sign 
that an ice sheet existed then with at least 
half the volume of the modem Antarctic ice 
sheet. Whenever water leaves the ocean to 
fall as snow, which feeds ice growth, water 
jing the lighter oxygen-16 
isotope evaporate more readily, leaving 
more of the heavier oxygen-18 behind 
seawater for forams to take up. Changing 
seawater temperature can also shift the iso- 
topic composition of forams, but seeing the 
shift in bottom-dwellers—for whom tem- 
perature changes little—at 
mation, the group says. As a check, 
group used a relatively new technique: 
lyzing for organic compounds unique to the 
membranes of certain microbes. Unlike 
‘oxygen isotopes, this technique is sensitive 
only to temperature. It confirmed that only 
part of the isotopic shift could be due to tem- 
perature: the rest, the group concludes, 
due to ice formation, 

“I've been a doubter of this 
whole business [of Cretaceous 


molecules cont 


ues for ice for 
the 


- 


ice] for a long time. 
paleoceanographer Richard 
Norris of Scripps Institution 
of Oceanography in San 
Diego. California, who is se 
‘ond author on the paper. But as 
ame in, “I began to be 
more of a believer. Still, I'm not prepared 
we've nailed it.” For one thing, in 
July 2007. paleoceanographer Kazuyoshi 
f Kanazawa University in Japa 
ues published an oxygen iso- 
topic study of another claimed i 
Cretaceous ice 95 million years ag 
found no isotopic vari 
dwelling forams. 

For another. despite a half 
experience with a growing s 
paleoceanographic technique 


erval of 


ion in su 


the searing Creta te. Karen Bice 
of Woods Hole Oceanographic Institution 
in Massachusetts studies hot paleoclimates 
both models and proxy data. To he 
block in time with 
Arctic crocs and hot-tub tropical oceans “is 
difficult picture to buy.” Analyses of more 
forams, researchers say. from more places 
in the world are in order. 

“RICHARD A. KERR 
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Public-Access Backlash 


‘Opponents of a new congressional rule that 
‘orders the U.S. National Institutes of Health 
(NIH) to post ontine copies of papers it funds 
are questioning the legality of the order 
Buried in a spending bill (Science, 4 January, 
p. 18), the directive asks NIH to make manda: 
tory an existing policy, mostly ignored, that 
asks grantees to submit copies of their peer 
reviewed, accepted manuscripts to NIH for 
release within 12 months after publication, 
Last week, the Association of American Pub: 
lishers (AAP) complained that the new policy 
“undermines” publisher copyright and is 
“inconsistent” with U.S. intellectual property 
laws. Open-access advocates support the 
new law because it gives taxpayers access to 
‘government-funded research 

‘AP'S Allan Adler says he's waiting to see 
how NIH will implement the law. But a mini 
imum, AAP wants NIH to get public input in a 
formal rulemaking. Ina statement, NIH said 
that “the law regarding a mandatory policy and 
‘copyright is clear.” The agency is expected to 
announce its plan as soon as next week. 

“JOCELYN KAISER 


Coming to America 
The number of new foreign students entering 
‘graduate programs in the United States has 
rebounded to nearly the levels predating the 
terrorist attacks of 2001. The U.S. National 
Science Foundation’s latest Survey of Gradu 
‘ate Students and Postdoctorates in Science 
‘and Engineering shows that first-time foreign 
student enrollment in graduate science and 
‘engineering programs rose by 16% from 
2005 to 2006, to 33,435, after dipping to 
27,712 in 2004. The latest number is just shy 
of the 34,204 enrollments in the fal of 2001. 

The increase is calming fears that visa 
restrictions put in place after the terrorist 
strikes are driving foreign talent to competing 
nations such as Canada and Australia, The 
uptick “Suggests thatthe proactive steps by 
USS. universities and by the US, government 
have been paying off and that America 
remains the destination of choice for graduate 
students, especially in the STEM [science, 
technology, engineering, and mathematics} 
fields,” says Peggy Blumenthal ofthe Institute 
of International Education in New York City. 
But, she says, the numbers of students from 
‘some countries such as Pakistan and Egypt are 
still well below pre-9/11 levels, and competi 
tion for the best young talent remains fierce. 
“So we cannot afford to be complacent about 
the turnaround,” she says. 

YUDHI}IT BHATTACHARJEE 
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REGULATORY POLICY 


Panel: EPA Proposal for Air 
Pollution Short on Science 


A major attempt to streamline—or, erities 
claim, politicize—the revision of important 
air-quality standards has run into trouble. One 
year ago, the US. Environmental Protect 
‘Agency (EPA) overhauled its lengthy process 
of updating the National Ambient Air Quality. 
Standards (NAAQS), which have far-reaching 
impacts on many regulations. Some critics 
feared the move would allow politics to trump 
science by giving agency appointees more say 
and sidelining external scientific review 
(Science, 15 December 2006, p. 1672). Now, 
some members of the agency's Clean Air Sci- to 
entific Advisory Committee (CASAC) suspect 
that has happened in the first “policy assess~ 
ment” created under the new process 

“It was just a disaster” says CASAC chair 
Rogene Henderson of the Lovelace Respira- 
tory Research Institute in Albuquerque, New 
Mexico, The document, which requests public 
‘comment on possible changes to the stan 
for airborne lead, lacked adequate scientific 
analyses, Henderson says. It also included 
controversial ideas favored by industry, such 
as no longer regulating air emissions of lead 
under NAAQS. that CASAC had already 


science and rev 


200: 


tory deadline to rev 


Aand CASAC. 


We 


the ambient air quality standards 
ording to the best available 
-w them every 
m5 years. Lead is the first of the 
six pollutants covered under 
S to go through the new 
procedure. The review began in 
after the Missouri Coali- 
tion for the Environment sued 
EPA for having missed its statu- 

ww the 
Many of the new steps went wel 


A snag emerged with the policy assess- 
‘ment, formally knownasan Advance Notice of 
Proposed Rulemaking. The notice isa shorter 
version of a document, prepa 
NAAQS reviews. called the staff paper, which 
analyzed the scientific evidence for various 
‘changes to the standard and their impact 
health. When CASAC was given the notice for 
‘comment on 17 December, however, some 
members were frustrated.” 
is really a major problem,” 
'tdo our job without the analysis ofthe 
data.” Marcus Peacock. EPA's deputy adminis- 


Time for review. EPA may revise its air standard for lead, which 
‘comes in large part from smelters like this one in Missouri, 


standard, 
according 


inclusion of the option of removing lead 
from the list of NAAQS pollutants, which 
ad previously floated (Seience, 
ber 2006, p. 1671). Although 
AC and EPA scientists have cau- 
tioned against this option, the notice offers 
it again for comment with no scientific 
‘We Were quite upset,” says com- 
mittee member Joel Schwartz, an epidemi- 
on ologist at Harvard School of Public Health 
in Boston, “It seems like there were people 
that wanted policy options that did not have 
scientific support 

Peacock says that the agency wants to keep 
alloptionsopen—even removing te lead stan 
dard—in case new data or interpretations 


he lack of science 
Henderson says. 


nixed. As Science went to press, Henderson 
and other committee members were confer- 
ring about the document and how to improve 
the process. EPA's deputy administrator 
acknowledges shortcomings but says they 
reflect growing pains. 


trator and an architect of the new process, Siys 
the agency was under court onder to crea 
staff paper for lead and it halite time to pro- 
duce the noticeas well. More time will be spent 
oon the notice for the next pollutant, he says. 
because the staff paper will be eliminated 


come in. “Frankly, {think that’s unlikely.” he 
admits, “but ina rulemaking process, you have 
‘omments an the proposed 
16 January. Under the court 
order, EPA must decide whether to revise the 


standard by 1 May and finalize any change 


‘The Clean Air Act mandates that EPA set 


ECOLOGY 


The Importance of Being Eaten 


Like any close relationship, the partnership between acacia trees 
and the helper ants that fend off intruders for them can turn nasty. As 
ecologist Todd Palmer of the University of Florida, Gainesville, and 
colleagues reveal on page 192, ants and acacias in East Africa fall 
out when large herbivores such as giraffes, elephants, and antelopes 
are absent. Loss of these plant-eaters across Africa, the authors sug- 
might therefore unleash unexpected ecological changes. 
Conservationists often assume that safeguarding large animals 
such as elephants—the megafauna—will bring other preservation 
payols, says ecologist Douglas Yu of the University of East Anglia 
in Norwich, UK. This research shows “that there's a link between 
saving megafauna and saving the little things that run the world.” 
The close interaction between acacia trees and their ants is one 
of the best-known examples of mutualism, an ecological relation- 
ship in which both parties gain. Brush up against an acacia growing 
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More discouraging to CA 


\C was the 


by 1 September. 


ERIK STOKSTAD 


in the hi 
meet its fierce guardian, Crematogaster mimosae, whose swarm. 
ing attacks can chase off mammalian herbivores that try to munch 
on the tree. The plant feeds and houses these defenders by exuding 
sweet nectar and growing large, hollow thorns where the ants shel- 
ter their young. Three other ant species that provide varying 
amounts of protection can inhabit the trees, and the four rivals bat- 
tle to the death for control of individual acacias. But C. mimosae is 
the dominant species. 

Palmer's curiosity about this mutualism was piqued several 
years ago when he noticed something unusual about plots of land» 
that, as part ofa different project. had been enclosed by herbivore- 
deterring electric fences. Even though the trees outside the wire § 
were getting eaten—the ants aren't perfect protectors—they still § 
seemed healthier than the trees inside, 2 

F 
3 
5 


After comparing plots of acacia trees that had been open or 
enclosed fora decade, the researchers can now offer an explanation for 
this seeming paradox: Without herbivores, the intricate relationship 
between the trees and C. mimosae unravels. With their leaves out of 8 


wwew.sciencemag.or 


ENVIRONMENT 


Marine Mammals Still Imperiled After Sonar Ruling 


LOS ANGELES, CAUFORNIA—Marine mammals 
Won some protection last week from the 
ULS. Navy's submarine-chasing sonar technol- 
ogy, A federal judge imposed significant 
restrictions on use of the technology, known as 
mid-frequency active (MFA) sonar, in training 
exercises taking place off the southern Califor- 
nia coast through January 2009. Environmen- 
tal groups that brought the suit hailed the nul 
ing. But researchers say it still leaves the most 
‘vulnerable species with little adkled protection. 

MEA sonar detects ultraquiet submarines 
by bouncing powerful sound waves off their 


hulls, Formore than 10 years, mass strandings 
of beaked whales and other marine mammals 
nked to 
mechanism is not clear. Rulin 


have been 


on 3 January 


that the sonar posed a risk to species in 
the waters off southern California, Judge 
Florence-Marie Cooper of the U.S. District 
Court for the Central District of California 
‘ordered the Navy not to use it within 22 kilo- 
meters of the coast, She also told the Navy to 
use shipboard observers, aircraft, and 


hydrophones to monitor for marine mammals 
before and during the exercises and to tum off 
an MEA system if a marine mammal was 
detected within a 2000-meter “safe zone. 

The Navy had sought less stringent restric- 
tions. But Cooper called one such proposal—a 


safe zone of 180 meters—"grossty inadequate 
to protect marine mammals from debilit 
levels of sonar exposure.” At the same 
Cooper said that granting the 45-kilometer 
‘exclusion zone sought by plaintiffs, led by the 


danger, acacias cut back on hollow thorns and nectar-produci 
glands, Meanwhile, the ants became less vigilant and were more likely 
insects, which provide the ants 
with fod much the way 

provide milk. Besides 


wo 


ise herds of sap-sucking 


Natural Resources Defense Council (NRDC), 
a. New York City-based nonprofit, would “pre- 
vent the Navy from training to detect sub- 
marines in the very bathymetry [deep subma- 
rine canyons] in which submarines 
ane most likely to hide.” 

Those canyons are also a popu- 
ing spot for beaked whales, 
oup most susceptible 9 MFA 
sonar, Robin Baird, a marine mam- 
‘malogist with the Cascadia Research 
Collective in Olympia, Washin; 
ton, who gave expert testimony in 
the case, says the zone will protect 
porpoises and migrating whales, 
but it does litle for beaked whales 
Likewise, a 2000-meter safe zone 
round sonar sources won't neces 
sarily protect beaked whales, who Baind says 
“even at 300 n 
ys that sea-floor hydrophone 
Navy operates off San 


arrays, such as the 


c 


mente Island, can detect the whales’ clicks 
ni warn vessels of their presence. In other 
areas of the exercise zone, however, the down- 
ty of the whales’ clicks, cou- 


ward direetio 
pled with the high spe 
makes ship-mounted hydrophones “fairly nef 
fective.” according to Baird. 

Necroscopies of stranded individuals point 
to decompression sickness—bubbles in the 
blood for ngesin pressure—as 
the cause of death, However, says Baird, 
“there’s still a fot of uncertainty about what 
‘could lead to those symptoms.” One possible 


d of Navy vessels, 


pilfes 


A lackad 
wood-borin 


airy cattle 


this reciprocity 
Researcher 


ng a tree's liquid: 
scale insects might spread plant disease, Palmer says. 
A related ant species, C. sjastedti.also took over the enclosed trees, 
sical guardian, it somehow encourages 
beetles that C. mimosae typically fends off. C. sjostedt 
nests in the holes the be 
thorns. The researchers determined that an acacia 
C. sjostedti grows more slowly and is twice as likely to die as trees 
inhabited by the other ant species. 
for maintaining cooperation between ants and plants.” P 
alls apart within a decade of herbivore 
often describe change: 
ecosystems, says evolutionary ecologist Anura 


reason that MFA sonar is particularly problem- 
atic for beaked whales is that its pings mimic 
the calls of killer whales, their primary preda- 
tors, Ina recent study, Peter Tyack of the Wools 


Hole Ocean 
sets specu 


phic Institution in Massachu- 
es that the false calls might 
prompt the whales to leave the area rapidly by 
‘making series of short, shallow dives that pro- 
mote bubble growth 

Cooper ordered a more sweeping bi 
initial ruling last August, but an appe! 
in November told herto narrow the r 
Navy isn't satisfied, “We do not be 
ruling] struck the right balance between 


inan 


ieve [the 


ail security and environmental con: 
cerns.” says Commander Jeff Davis, a Navy 
spokesperson. The government is expected t0 
appeal the ruling. 


BENJAMIN LESTER 
Benjamin Lester, a former Science intern, isa freelance 
writer in Washington, O.. 


«a scarce resource in this dry habitat—the 


lonization by 


the acacia’s hollow 
habited by 


le drills instead of 


African mammalsare important 


ippling” 


grawal of Cornell 


Hungry helper. Arica 
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University. “This work illustrates rippling and puts mutualism into 
that contest.” he says. Competition and predation dominate studies of 
how interactions between species mold ecosystems, says evolution- 

st Judith Bronstein of the University of Arizona, Tucson. 
ists are now “gett mer of how mutualisms are 
important in structuring communities. “INITCH LESLIE 


ary ecole 
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Gunning for the lvy League 


As they strive to become world-class educat 
universities must overcome a host of impediments, from ant 


curricula to mounting debt 

TIANJIN, CHINA—When Rao Zihe became 
president of Nankaii University in May 2006, 
he hatched a plan to restore glory to a falter- 
i ution. To shake up the system, Rao 
set out to hire new deans for 15 of the 21 col- 
leges. Applications flooded in. After inter- 
viewing six or eight candidates for each post 
en masse at Nankai’s leafy campus he 
Tianjin, a port city 120 kilometers east of 
Beijing, Rao chose his deans, Then he pulled a 
switeheroo: He offered faculty positions to all 


the runners-up—several dozen scientists 


and most accepted, 

Like # baseball executive building his 
team, Rao aimed for up-and-comers, mostly 
assistant and associate professors from 
tier institutions, including Yale University, 
Cornell University, and the University of 
Oxtord, He brought aboard part-time senior 
academics and retired government officials 
to provide experience. All told, Rao hired 
‘more than 200 new faculty members—more 
than 10% of the academic staff—in the first 
18 months of his term, Renewing the 
ulty one professor at a time “wouldn't 
achieve my objectives” of overhauling eur 
ricula and teaching methods and setting 
higher standards, he says: “We need a eriti- 
cal mass [to change] the environment.” 

Nankai’s makeover is part of a broad 
push by Chinese authorities to create a ter- 
tiary education system that matches the 
country’s aspirations. And like everything 
in China these days, it’s being done ina 
hurry. Ina remarkably short time, China 
has moved from universities for an elite few 
to mass higher education, University 
enrollment soared from 3.6 million in 1998 
to 25 million in 2006. Nearly a quarter of 
college-age youth now receive tertiary 


Op 


nal institutions, China's 


‘education, surpassing the country 
15% by 2010. 

The quality of ed 
beenanafierthought 
to today’s mantra, a vigorous higher educs 


cation has la 
until now, Accor, 


tion system will promote homegrown inno- 


° 
1998 1999-2000 2001 2002 2003 2004 2005 2006 


Rising fast. Enrollment at 4-year universities (blue) and graduate 


schools light blue) in China has taken off since 1998, 


vation, ig for the stars, Chinese educ: 
tors and leaders want their top universities 
to join the ranks of the world’s best. 

They have a long way to 
huge gap between China’s universities and 
world-class universities,” says economist 


Yingyi Qian of the University of California, 
Berkeley, now on leave while heading the 
School of Economics and Management at 
a (Qinghua) University in Beijing 
raduates at China's top universities 
are on a par with those at top U.S. schools, 
says Qian, who has studied how China’s 
education revolution compares to the shift 
from elite to mass education in the United 
States in the late 19th century. As China 
expands the system, it needs to 
‘add quality to quantity, Qian and 
others say, by employing far 


more world-class professors, He 
predicts that will take dec: 
‘One big handicap is insuti- 


les, 


cient funding: Government sup- 
port has not kept pace with rising 
enrollments or China’s soaring, 
gross domestic product, Many 
universities borrowed heavily to 
finance expansions and over- 
hauls and are now saddled with 
debt. “I the government does, 
not increase the investment [in 
higher education), then there will 
really be a problem he 
Ma Wanhua, an education professor at 
Peking (Beijing) University 

Another key ingredient in short supply 
is academic freedom. The central povern- 
ment appoints national university presi- 
dents, approves curricula, decides ev 
tion criteria, and sets admission s 
through the Ministry of Education's 
entrance exam, a matriculation requirement 
for all national universities, “Ifa university 
does not have academic freedom as its core 


‘More than a face-lift? Nankai Univesity hopes that 
dozens of new professors and deans will reinvigorate its 
‘educational programs and rehabilitate its reputation, 


SOURCE CHENESE MISTY OF EDUCATION CREO MANO UREERSTY 


Lion's sate, The EfUcation!Mipisny taunic 
Project 985 initially to burtahiPekng Univesity 
bid to beepme world-class institution 


value, no matter how grand its buildings, 
how beautiful its campus, and how luxu 
‘ous its facilities, it’s useless to talk abs 
world-class,” Yang Dongping, an education 
scholar at the Beijing Institute of Technol- 
ogy, warned recently in the newspaper 
Nanfang Zhoumo (Southern Weekend), 


Great Leap Forward? 

Before the People’s Republic of China was 
founded in 1949, the country had scores of 
comprehensive universities. In the 1950s, 
China adopted the Soviet model of special- 
ized higher education. For example. to 
remake Tsinghua in the likeness of the 
Moscow Power Engineering Institute. 


honengineering departments were moved to 


other universities. All universities were 
ordered to focus on education and leave 
research to institutes of the Chinese Acad- 
“completely 
ion system, 


emy of Sciences. These move 
destroyed” the previous educ: 
Qian says. Colleges founded in the 1 
concentrated on a single specialty: textiles, 
railways, metallurgy, and so on. Then in the 
1960s, the Cultural Revolution shut down 
universities altogether. They resumed opera- 
tions in the late 1970s but only admitted a 
tiny number of elite students. 

nrollments rose steadily, but by 1998, 
only one in 10 college-age youth were edu- 
cated beyond high school. The next year, 
when Tang 
an Develop- 


ing. The suggestion appealed to China's 
leadership, which realized that economic 
development required more homegrown 
Admissions have 


yeers and scientists 


since risen fivefold. 

As early as 1995, the educ 
launched a plan to prepare 100 universities 
for the 21st century. Project 211 put $2.3 bil- 
lion on the table, mainly for 
infrastructure and curriculum 
development. In 1998, after 
then-President Jiang Z 
claimed th 
number of first-rate universities 
of international advane 
the ministry hatched Projec 
Which aims to help 
fortify existing strengths and 


n ministry 


iversities 


develop new research areas 
Originally intended for Peking 
University (Beida) and Tsinghua 
widely considered 
"s two best—the program 
has since been expanded to three 
Most of the 
to building 


dozen univers 
money has gon 
capacity. For example, Beida 
used a portion of its $225 million 
983-phase-I allocation to estab- 
lish the Institute of Molecular 
Medicine, focusing on translational research 
for cardiovascular diseases. 

Despite this largess, the central govern- 
ment’s overall university budget allocation 
has declined froman average of $847 per stu- 
dent in 1998 to $672 per student in 2005. 
according to former education minister Chen 
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“We needed new 
people, new fields, 
new subjects. 


[NANKA! UNIVERSITY 
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Zhili. Compounding the decline, many local 
governments have failed to honor pledges to 
match central-government funding. 

Since 1998, the funding shortfall has 
forced universities to borrow an estimated 
$25 billion from banks, mainly to finance 
‘expansions. An extreme case is the new Jilin 
University (Jida) in Changehun, created in 
2000 from the merger of five local institu- 
tions. (The government was then urging 
such mergers as a way of creatis 
‘s that would be 
competitive.) Jida borrowed $400 million 
years, largely for bricks and mortar. 
Its precarious finances were further under 


hensive 


mined when the Jilin provincial government 
failed to deliver promised support. Now the 
University is saddled with interest paymet 
‘of about $20 million annually, which is con- 
tributing toa budget shortfall of $70 million. 
The financial mess came to light when an 
ing on faculty and stu- 
dents to brainstorm solutions got posted on 
the Internet in March, Jida’s president has 
since publicly acknowledged the problem, 

Jida is hardly alone. A team led by Beida 
ion scholar Bao Wei reported to the 
nation’s legislators last March that 72 major 
I universities have $4.5 billion in out- 
standing loans—an average of $62.5 million 
per university. 

Universities have tried to balance their 
bbooks by increasing tuition, 
which rose 


internal memo ¢a 


per year in 2005, 
according to the 2006 
Blue Book on Education in 
China. In comparison, aver- 

ze per capita income in 
rural China was $376 that 
year. Although tuition is a 
huge burden for many 
f families, Beida President 
Xu Zhihong says it covers a 
minuscule fraction of costs, 
Public universities cannot 
increase tuition without 
approval from the education 
ministry, which in 2006 
ordered a 5-year freeze on 
tuition and fees. 

So universities resorted 
to setting up affiliated 
“independent” colleges that cater to students 
Who fail to pass the entrance exams for 
public universities but are able to pay higher 
tuition. About 300 such colleges are enrolling 
students. “We don’t know what the standards 


Rao 2IKE, 


of these newly established universities 
says Ma. Although the ministry barred public 
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universities from opening more affiliates 
and ordered them to disassociate them- 
selves from existing ones, those already 
established will be allowed to continue on 
their own, In another tap on the brakes, the 
ministry has limited the annual growth rate 
of admissions to no more than 3% for the 
foreseeable future. 

Ata press conference last autumn, Edu- 
cation Minister Zhou Ji played down the 
debt crisis asa “special situation in a historic 
process and not as bad as some have im: 
ined,” Zhou said that the central and lo 
governments would increase allocations to 
universities. Observers expect that any 
ramping up will be gradu 


It's the faculty 

Financial ills are likely to be cured sooner 
than ailing faculties. At most Chinese uni- 
versities, senior faculty members entered 
their university as undergrads and joined 
the faculty while working on Ph.D. degrees. 
Such inbreeding, Rao and others say. results 


Brainstorming. Jilin University’s president 
implored everyone on campus to think of ways to 
solve the school’s debt problem. 


in outmoded courses, antiquated teaching 
methods, and a lack of fresh ideas for 
research, When Rao arrived at Nankai, the 
university's life sciences courses focused on 


traditional disciplines such as entomology 
and botany and ignored emerging field: 
curricula and teaching methods were little 
changed from the half-century-old Soviet- 
style model; and there was litle interaction 
among departments. “We needed new peo- 
ple, new fields, new subjects.” Rao says, 
Meanwhile, throughout the 1980s and 
1990s, many of China’s best and brightest 
scholars established careers overseas. 

The need to infuse new blood into uni- 
versities was recognized in the 1990s, when 
the government set up incentive progi 
to tap the expertise of expatriate Chinese, 
Many programs offered lucrative incentives 
for overseas scholars to return. The pro- 
grams have had mixed results: Some of 
these “sea turtles" —as the returnees are 
nicknamed in Chinese—were looking for 
easy moonlighting gigs, Indeed, some star 
part-timers offer their host institutions little 
more than high-pro that are good 
for public relations (Sc 
2006, p. 1721). “We eall them ‘seaweed,’ ” 


The phenomenal numbers of scientists 
QUALITY BOOST wrens ane ot chin’ 
universities has prompted much hand 
‘wringing in the West. Three years ago, for example, when the U.S. National 
‘Academies called for a broad federal effort “to create new, high-quality jobs for 
all Americans,” a draft report echoed some widely used, scary numbers: In 
2004, the United States produced roughly 70,000 bachelor’s trained engineers 
versus China's 600,000 and India’s 350,000. 

Such statistics are misleading, claims a team led by Gary Gereffi and 
Vivek Wadhwa, both of Duke University in Durham, North Carolina. Each 
country, they note, uses differing methodologies and different definitions of 
\ “engiinees.” China's figures include graduates from 2- and 3-year programs 
and vocational fields such as car 
repair. U.S. numbers, in contrast, 
exclude computer science and infor: 
mation technology majors, which 


“The Chinese increased 
quantity at the cost 


Gereffi and Wadhwa argue should Of quality.” 
\ fall under a broad definition of engi- —VIVEK WADHWA, 
\ neering. Their reanalysis of the 2004 DUKE UNIVERSITY 


‘numbers found that 137,000 stu- 
dents graduated from rigorous 4-year engineering programs in the United 
‘States compared with 351,000 in China and 112,000 in India. 

Just how talented are the droves of overseas engineers? “The bottom line 
is that the Chinese increased quantity at the cost of quality,” says Wadhwa, 
‘whose team examined this topic in the January 2008 issue of the Journal of 
Engineering Education. Interviews with companies in China indicate that 
although top Chinese universities produce solid engineers, the quality of 
Graduates of most universities is poor, Wadhwa says. 

The Chinese government has recognized the quality gap. Last September, 
it launched a pilot program on engineering education reform to raise qual: 
ity at 10 top Chinese universities, including Tsinghua. For Tsinghua and the 
handful of other institutions that attract the best students, says Yingyi Qian, 
‘ho heads Tsinghua’s School of Economics and Management, “if | cannot 
turn them out to be competitive on the global stage, thats a failure.” 

~D.N. AND H.X. 
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says Bo Li, an ecologist at Fudan University 
in Shanghai. 

Other part-timers offer genuine added 
value to a host institution. One example is 
forest ecologist Chen Jiquan of the Univer- 
of Toledo, Ohio, who for the past four 


summers has organized an ecology lecture 
series at Fudan. Last year, Chen flew in lead- 


ing lights, including Jerry Franklin of the 
University of Washington, 
to several dozen graduate students who 
mpeted for a position in the seminar. 
“This way the students are exposed to the 
frontiers of science.” Chen says. For the 
short term, a refiance on part-timers is "ben- 
¢ficial” in exposing professors and students, 
to new ideas and global trends, Qian says. 
But building world-class institutions, he 
notes, isa full-time job, 

The tide may be turning. More and 
more highly qualified Chinese-born aca- 
demics are forsaking overseas posts to 
devote all their energies to building 
China's education system. Although they 
‘earn less in China, they have other motiva- 
tions. Yi Rao said that for him it was a 
“sense of belonging.” He gave up an 
endowed professorship at Northwestern 
University’s Feinberg School of Medicine 
in Chicago. Mlinois, to become the de: 
of Life Se 

tember, Rao was the first endowed prof 

sor in life sciences to return to China full- 
time, Another senior returnee is structural 
biologist Yigong Shi, currently a profe 
in the Department of Molecular Biology at 

Princeton University. He has been advis- 

ing Tsinghua University since 2003 and 

plans to soon take up a full-time position 
there to lead its School of Biologic: 
ences and Biotechnology 

Nankai’s Rao went a step further, 
recruiting entire teams. Immunologist Yin 

Zhinan, who gave up a tenure-track posi- 

tion at Yale University to become dean of 

Nankai’s College of Life Sciences, says 

that he would have worried about being 

ineffectual if he were one of only a few 
coming back. “For modern biomedical 
science, you really need collaboration and 
interaction, If you are the only one, there 
aren't enough resources or enough inter- 
action,” he says. With 55 new faculty mem- 
bersiin life sciences, medicine, and pharma- 
cology. Yin says, “we should be able to 
build a unique biomedical program.” 
Rao’s team-building is a work in 
§ progress, in that some recruits are at Nankai 
2 only part-time. Romano Rupp, a physicist at 
& the University of Vienna in Austria. is dean 
8 of Nankai’s Teda Applied Physics Schoo! 
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but is only in Tianjin when his class schedule 
in Vienna permits. One of Nankai’s new 
deans asked not to be identified in Science 
because he has yet to negotiate the terms of 
his departure from his current institution, He 
will be working at Nankai part-time for at 
least 2 years. Other new recruits say that a 
challenge for Nankai is bringing facilities, 
students, and logistical support up to levels 
they grew accustomed to overseas. If sup- 
port fails to match expectations, they say, the 
best may leave. For this reason, 
early to tell” whether the overseas hires will 
have an impact at Nankai, says Ge Molin, 
mathematician who has spent his entire 
career at the university 


‘One priority. in Beijing's smoldering 
summer, a worker keeps Tsinghua’ 
Lawn in front ofits Sovietsyle building 


— 


Nankai is getting some funding from the 
Tianjin government. “To be honest. we 
don’t know” how long the support will cor 
tinue, Yin says. Rao admits that he agreed 
to less than a full commitment—a “soft 
landing.” he calls it—for many recruits so 
that they could wrap up affairs at the 
tutions they are leaving. But in the long 
run, he says, “I cannot tolerate any deans 
being part-time.” 

The Chinese government hopes to tackle 
the dearth of qualified faculty members by 
redoubling efforts to send graduate students 
overseas. Last year, the government prom- 
ed to give the China Scholarship Counc 
1.3 billion over 5 yearsto pay for 5000 schol- 


arships a year for students who have been 


accepted by Western institutions. The ratio 
ale is that foreign-trained Ph.D will boost 
faculty quality when they return home, as 
required by award contracts. The program 
has been criticized, however, for shortchang 
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ing domestic graduate programs and grad 
students, who receive stipends of less than 
$100 per month. 

Fresh blood among faculties won't, by 
itself, reform all the entrenched practi 
and petty regulations that conspire to keep 
Chinese universities out of the higher eche- 
ons, Education ministry requirements are 
so detailed that, for example, they specify 
that only full professors can supervise 
Ph.D. students. “In the U.S., who super- 
vises graduate students and Ph.D. students? 
All professors, including assistant prof 
sors!” Qian says. “The assistant and asso- 
ciate professors are on the frontier.” Qian 
hopes that an awareness of practices at top 


foreign universities will prompt reforms in 
China. “Just having this goal [of seeking 
world-class status] will be enormously 
helpful.” he says. 

These issues will not be resolved in a 
hurry. Yin worries that Chinese impa- 
tience is leading to unr expecta- 
tions about how quickly educational qual- 
ity can be improved. “We really need to 
calm down, You cannot expect a big out- 
come in 2 oF 3 years.” he says. Beijing's 
Rao agrees and claims that China’s best 
universities—even Beida and Tsinghua 


are still third-rate. “It is premature. if not 
counterproductive. to raise expectations 
about Chinese universities becoming 


world-class soon.” he says. “Let's be realis- 
tic and first take steps to make them second- 
rate before we go further.” 

HAO XIN AND DENNIS NORMILE 
With reporting by Gong Yidong of China Features in 
Beijing and Richard Stone in Shanghai. 
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VALERIE PECRESSE INTERVIEW 


After Initial Reforms, French 
Minister Promises More Changes 


Despite fierce protests, France’s new higher education and research minister pushed 
through a major university reform bill. 'm only getting started, she says 


PARIS—French H. Education and 
earch minister Valérie Pécresse has sur- 
-d her first big political test. In Novem 
ber and December, students organized occu 
pations and strikes at almost half of France's 
universities to demand the repeal of the 
“Pécresse Law." Designed to give universi- 
ties more autonomy and part of French Pres- 
ident Nicolas Sarkozy's plan to revamp the 
nation’s research, the law had been pre~ 
sented in June and was approved by France's 


tually died down, And 
has already announced other 
forms, including a plan to 
reduce the $0% failure rate 
among first-year university stu- 
dents, Although some say fur= 
ther shakeups in France’s edu- 

ation c long overdue, 
left-leaning researchers’ groups 
ane wary ofthe ministers plans 
to boost project-based funding 
and private research, 

Pécresse, 40, arrived with 
little previous experience in 
research or higher education, 
A graduate of the elite Ecole Nationale 
Administration in Paris—the training 
ground for many French politicians—she 
had a series of jobs in the government of 
former president Jacques Chirac. In 2002, 
she was elected to the National Assembly, 
where she has focused on family issues. 

MARTIN ENSERINK 


Q: Were you impressed by the intensity of the 
student protests last fall? 

VPs If you're a minister for higher education 
in France and you want to change things, then 
you have to be prepared for demonstrations, 
Strikes, and violent uproar, So [knew it was 
coming, Of course, there was real opposition, 
but many of the students simply had 
unfounded fears about the new law. T gave 
them reassurances, but also [old them: “This 
is the law of the Republic. I's being imple- 
mented. I cannot repeal it 
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Q: How much will this reform really change 
the university landscape? 

V.P.: It may not look like a big deal through 
an Anglo-Saxon prism, but for France, it's 
completely revolutionary. Our universities 
are still very bureaucratic. They have huge 
elected councils. Presidents are elected by 
140 people. It takes 12 to 18 months to 
recruit one researcher. The law gives univer- 
sities the ability to handle their own budgets, 
their own human resources. They can 


“For France, 
it’s completely 
revolutionary 


VALERIE PECRESSE 


develop their own researc! 
strateyies—and they will bear responsibility 
for the success or failures of their labs and 
students. They can start foundations to raise 
private money. That's revolutionary, too. 

Tthink all of this will also lead to a 
change in culture, In France, there's almost 
no spirit of belonging to a university. Stu- 
dents come in. they study, and they leave. 

sen professors don’t feel very attached to 
the institute. I think people will start taking 
more pride in their universities, 


Q: The universities did not get the right to 
select their own students—they have to 
accept anybody who has passed the state- 
run baccalauréat exam—or set tuition fees. 
Why not? 

vil he bacealauréat is our selection 
procedure. That costs millions of euros, 
and it takes a full month. So why would 


We introduce another form of selection at 
the entrance of the university? As to 


tuition fees, my priority is for universities 


to raise new money through partnerships 
with the private sector and by offering 
“lifelong learning” programs. to be paid 
for by employers, I want them to try that 
first, I'm not sure that the French people 
could accept a decision to let universities 
determine their tu 


ion fees. 


Q: Some scientists have expressed concern 
that your plans will undermine the role of 
big government institutes like the 
National Centre for Scientific Research 
(CNRS) and the National Institute for 
Health and Medical Research (INSERM). 
Some fear they might even be turned into 
funding agencies. 
V.P:: They won't become funding agencies, 
but their organization will need to change 
About 80% of our research is 
done in so-called mixed units, 
made up of researchers from 
universities and CNRS or 
INSERM. At the moment, 
they often have four or five 
forms of supervision, four or 
five accounting systems, .. 
That's too complex: there’st00 
much red tape, I have ereated 
a commission presided over 
by my predecessor, Frangois 
d’ Aubert, to look at this, 
Apart from that, | do 
want to increase the emph 
sis on project-funded se 
ence, which is something 
completely new as well, Our 
National Research Agency 
(ANR) is only 2 years old, and its budg. 
will increase by 25% until 2012. 


Q: Yet many French researchers appear 
wary of project-based funding. They say it’s 
an Anglo-Saxon model ... 

V.P.: They must never have visited Germany. 


Q: ... that creates a rat race and stifles 
researchers’ freedom and creativity. 

V.P.: Well, science is at the service of societ 
It’s paid for with public money that must 
invested very efficiently and on the basis of 
excellence. Project-based funding is part of 
that strategy. In addition, we can use it to 
address new research priorities that would 
otherwise be neglected. And it’s not true that 
it stifles creativity. The ANR is also a way to 


help young, very creative researchers who 
would not find their way in the current, 


bureaucratic system. 


jencemag.org 


MEETINGBRIEFS>> 


AMERICAN GEOPHYSICAL UNION | 


Getting a Quick Read on the 
Biggest Tsunami Earthquakes 


Asa huge tsunami raced unnoted 
across the Bay of Bengal toward 
India in December 2004, seismolo~ 
ists feverishly sized up the earth 
quake that had generated tn those 
frst minutes, the signals pouring 
from seismometers suggested its 
magnitude was 8.5, only margin- 
ally lange enough to threaten India 
with a tsunami, Wrong. It tumed 
out to be a great magnitude-9.1 
quake capable of generating a 
far-traveling destructive tsunami 
(Science, 14 January 2003, p.201). 
The magnitude based on con- 
ventional early-arriving seismic 
waves—then seismologists’ only 
means of rapidly determining the tsunami 
threat—vastly underestimated the power of 
the great quake. 

Atthe meeting, two groups reported new 
techniques for accurately determining the 
tsunami threat in 10 to 20 minutes rather than 
Waiting hours for reliable data. Seismologists 
Hiroo Kanamori of the California Institute of 


large tsunami 
carly 


10-14 DECEMBER 2007 


Technology in Pasadena and Luis Rivera of 
Louis Pasteur University in Strasbourg. 
France, proposed using so-called W phase 
low-frequency seismic waves with periods of 
100 seconds to 1000 seconds. After a 1992 
Nicaraguan quake produced a surprisingly 
anamori recognized th: 
arriving W phases accurately reflect a 
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quake’s tsunami-generating power. 
But W phases were too difficult to extract 
from the seismic record. Kanamori and Rivera 
have now modified an existing technique so 
that it quickly picks W phases out of records 
and extracts the needed information. Applied 
to ahalf-dozen quakes, the technique provided 
the same magnitude estimates as waves arriv- 
ing hours later at the same stations. Kanamori 
believes W phases can be used to determine an 
accurate magnitude of great quakes within 15 
10 20 minutes of their start, maybe 10 minutes 
if there are enough seismometers nearby. 
Seismologists Andrew Newman and Jaime 
Convers, both of the Georgia Institute of Tech- 
nology in Atlanta, took a more empirical 
approach, Noting that “tsunami earthquakes” 
like the 1992 Nicaraguan quake produce weak 
but long-lasting shaking, they simply plotted 
40 large earthquakes by the amount of high- 
frequency energy they released—their shi 
ing—against their duration, The tsunami- 
generating quakes clearly stood apart without 
any false alarms, And they could be identified 
‘within 10 minutes ofthe quake, Newman said. 
Both of the new techniques “are hot for us’ 
says seismologist Barry Hirshorn of the 
Pacific Tsunami Warning Center in Ewa 
Beach, Hawaii, and will be made operational 
asquickly as possible, “RICHARD A. KERR 


CLIMATE TIPPING POINTS COME IN FROM THE COLD 


Tipping points, once considered too alarmist for proper scientific circles, 
have entered the climate change mainstream. At the meeting, a nearly 
packed half-day session considered the prospects for a climate system 
thats still creeping through change but might soon cross threshold into 
an entirely new way of operating. The new climate regime may have no 
sea ice in Arcticsummers, a much smaller ie sheet on West Antarctica and 
higher sea levels, or wildly redirected storm tracks. Cur 


ening glaciers’ surprisingly fragile ice tongues, which help slow glaciers’ 
rush to the sea. And meltwater on the surfaces of glaciers is plunging 
down giant cracks to glacier beds, where its lubricating the glaciers’ sea~ 
ward slip-stiding. “Ha very small warming makes such adifference, Alley 
said, “i raises the question of what happens when more warming occurs.” 

‘Sea ice specialist Josefino Comiso of NASA's Goddard Space Flight Cen 
ter in Greenbelt, Maryland, said atthe meeting that in the 


rent understanding of climate allows that such drastic “The tipping point arctic, “the tipping point for perennial sea ice has likely 
transitions can happen, the speakers agreed. Eath may for perennial sea ice _ *\eady been eached.” Ice persisting from year to year has 
‘even bein the midst of one now. ‘not been steadily shrinking in area, he said. The decline of 

As evidence, glaciologist Richard Alley of Pennsyiva- as likely already summer sea ice accelerated inthe mid-1990s; since then, 
nia State University in State College cited Earth’s. heen reached.” summer ice has been disappearing more than thee times 
response to the warming that has occurred over the past faster than before And the feedback between sola warm- 
3 decades. Compared with the soaring global tempera- ese MAn crac gol neniy ice-free Arctic waters and the loss of stil mote 
tures that the strengthening greenhouse could drive Fuca Cenex _ ice has become more and mare obvious. Only colder sum- 


through the rest of this century, that warming has been 
rather small, Alley said. Yet itis having immediate and often unexpected 
effects, he observed. 

Since the 1960s, mountain glaciers around the world have begun to 
shrink and are dwindling rapidly. Arctic summer sea ice took a severe hit 
last year alter decades of stow losses. And the Greenland ice sheet is now 
clearly shrinking under some unexpected attacks. Warming seas are weak 
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‘mers and colder winters can save summer sea ice from 
cobtivion, he said, an unlikely development at this point. 

Other speakers presented possible tipping points that have gotten less 
attention: an eventual sudden shift in jet streams that would bring rapid 
climate change to North America and Europe and the abrupt collapse of 
the Amazon tropical forest, among others. Clearly, the possibilities are 
proliferating faster than researchers can confirm or deny them. —R.A.K. 
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CANCER IMMUNOLOGY 


Cancer's Bulwark Against Immune 


Attack: MDS Cells 


First noticed in the 1970s, myeloid-derived suppressor cells appear to play a key role 
in sustaining tumors; new methods of overcoming them are being tested 


d 
ina frustrating effort to harness the power of 


the immune system to fight cancer. The 


approach works well enc est tubes 


yental animals. N 


and expe ny types of 
ens that 


and. 


caneer cells are studded with an 


distinguish them from normal cells. 
activated immune cells can seek out these 
targets and kill the cells that earry them, Yet 
attempts to destroy tumors by sparking 
similar responses in human patients 
using so-called cancer vaceines and other 
immunoth 


apies, have largely ended in 
Now, researchers may 
have 


answer to this puzzle 
A recently identified class of 
immune cells may help sabotage 
these efforts, 

Within the past few years, 
researchers have found that 


production of cells known as 


myeloid-derived suppressor cells 
(MDSC3) is n 
in cancer patients. As their name 
sts, MDSCs are pote! 
suppressors of several facets of 
the immune system. By dampi 
down antitumor responses. 
MDSCs might contribute both 


‘edly increased 


N i 
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MDSC pioneers. Vince 
instrumental in linking 


to the original growth of the cancers and to 
the failure of immunother 

MDSCs mi 
aspect of cancer biol 


t help explain another 


as well: the appar- 


ent link between tumor growth and chronic 
inflammation (Science, $ November 2004, 


p.966). Regulatory molecules, or cytoki 


produced either by the cancer cells ther 

selves orby other cells in the tumor environ- 
ment, help trigger MDSC accum 
And many of these cytokines also promote 
inflammat MDSC’ may 
be at least partly responsible for inflamma- 


ation, 


1DSCs to cancer growth. 
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Bronte eft) and Dmitry Gabrilovich (right) were 


f Close contact. MOSCs (red) are 
N shown here interacting with CDB* 
T cells (magenta). 


tion’s carcinogenic effects, 
Some clinical implications 


of these findings are already 


beginnin; As cancer 
immunologists learn what 
makes MDSCs tick, they are 
that information to desi 


to emer 


strategies to counteract them 


the hope that this will make 


anticancer vaccines and other 


immunotherapies more effee- 
live. Indeed, researchers have 
already identified drugs that 
inhibit MDSCs and have begun 
preliminary clinical trials. If 
what the field has learned so 


far is correct, “using different 
drugs [to block MDSC action] 
y improve 


could drasti esponses to Can: 
cer vaccines,” predicts Dmitry Gabrilovieh, 
of the H. Lee Moffitt Cancer Center and the 


University of South Florida in Tampa, 


Early sightings 
Although MDSC-like cells have been 
known since the 1970s, “the association 
with cancer is recent,” says Vineenzo Bronte 
of the Istituto Oncologico Veneto in Padua, 
Italy. It can be traced pa 
efforts to find out why cancer vaccines 


ly to researchers’ 


weren't working 
About 10 years aj 


o. forexample, Br 


then working with cancer immunologist 
Steven Rosenberg at the U.S, National Can: 
cer Institute in Bethesda, Maryland, got a 
surprising result when he immunized mice 


witha tumor a ve a booster 


tigen and then 


shot of the same antigen 6 days later. The 


enhanced as expected. It was suppressed 


instead, Bronte and his colleagues traced the 


problem to an unusual group of 
immune cells—later called 
MDSCs—that were somehow 
taking out the CD8*T cells that 


would normally respond to the 


n in the vaccine, 
A 


supp 


ailysis revealed that these 


ssors were immature cells 


from the myeloid line that pro- 
duces macrophages and the den- 
dritic cells that are needed to 


trigger immune responses. Their 


normal function, the researchers 
proposed, is to help put the 


brakes on immune responses so 
that they don‘trun out of control. 


9.079 


In cancer patients, though, their long-ter 
persistence is a problem. “There's nothing 
special about these cells; they're normal 
immature myeloid cells.” Gabrilovich sa 
But, he adds, they “are supposed to differen- 
tiate normally and not get activated and ha 
around in this state” 

As researchers soon learned 
to increased myeloid suppressor ¢ 
without vaccination, In the late 1990s, 
Gabrilovich, in collaboration with M, Rita 
Young at Loyola University Chicago in Ili- 
nois, was also trying to find out why cancer 
vaccines are so ineffective. “We started 
fooking at mice with tumors,” he recalls, and 
found that as much as 40% of the cells in the 
animals” spleens—an organ that produces 
and stores various immune cells until they're 
needed—were myeloid-derived suppressor 
cells, Human cancer patients, to0, had three 
to five times more of the cells than did 
healthy controls. Meanwhile, the numbers 
of denudritic cells were decreased, 

These cellular changes get more pro- 
nounced as tumors grow. Asa result, patients 
with advanced tumors— precisely the ones 
\Wwhohave been in mostelinical vaccine trials 
have large numbers of suppressor cells that 
could interfere with their treatment. “There's 
no question about it; we're going to have to 
deal with these cells to do immunotheray 
says Suzanne Ostrand-Rosenberg of the Uni- 
versity of Maryland, Baltimore County 

Researchers are beginning to explore sev- 
al ways of dealing with MDSCs. One 
approach exploits the fet that they are devel- 
‘opmentally immature. To promote the differ- 
entiation of the cells, Gabrilovich and his col- 
leagues have turned to all-trans retinoic acid 
(ATRA), which is already used clinically to 
clocytic leukemia, 

Ina pilot study, the researchers gave the 
drug to 18 kidney cancer patients, all of 
whom had elevated MDSC levels. The 
short-term study was not designed to look 
for clinical improvements such as tumor 
shrinkage. But the immune status of the 
drug recipients improved: they had fewer 
MDSCs, more dendritic cells, and better 
immune responses. The Moffitt team is now 

£ beginning a more extensive trial that will 
8 testa combination of ATRA with a cancer 
$ vaccine. “Simply eliminating these cells 
8 won't do.” Gabrilovich says. “You have to 
i ‘combine that with active immunotherapy.” 


z versatile actors 

MDSCs turn out to have many ways of 
& blocking immune responses. They can hit 
§ both the so-called innate and adaptive 
5 branches of immunity. On the adaptive side, 


wwwsciencemag.or 


they suppress antibody-producing B c 
and CD4° (helper) T cells in addition to 
CD" (killer) T cells 

One way they inhibit T cells is by blocking 
an essential activation step: the binding of 
antigen to the T cell receptor. About 4 years 
ago, Gabrilovich and his colleagues found that 
MDSCss release highly reactive molecules, 
including certain forms of oxygen and 
peroxynitrite. Findings from Bronte’s group 


“Angiogenesis promoters. A mouse tumor (bottom) exposed to 
\VEGF-producing MOSCs has more blood vessels and grows larger 


than a control tumor (top) not exposed to the cells. 


also pointed to an important role for peraxyni- 
trite in immune suppression mediated by 
MDSCS. Ina study published in the July 2007 
issue of Nature Medicine. the Gabrilovich 
-am further showed that peroxynitrite causes 
nitrate addition to T-cell receptors. rendering 
them incapable of binding antigens they 
ize. 

Other researchers are focusing on a key 
regulator of T cells: the amino acid arginine. 
Its importance originally emerged in studies 


of patients who experienced serious trauma, 
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including surgery. These individuals have low 
‘Feell counts, making them very susceptible 
to infections, which can be fatal, particularly 
if they lead to a condition called se} 
Researchers, including a team led by 
brothers Juan Ochoa, a surgeon at the Uni- 
versity of Pittsburgh Medical Center in 
Pennsylvania, and Augusto Ochoa, an immu- 
nologist at Louisiana State University (LSU) 
Health Sciences Center in New Orleans, 
have linked this immunosuppres- 
sion to tow levels of arginine in 
the patients, They found, for 
‘example, that in lab cultures, the 
amino acid is needed both for 
normal T-cell replication and for 
production of the zeta chain of 
the T-cell receptor. 
question,” Juan Ochoa say 
‘what was destroying arginine.” 
Further work showed that it 
was none other than MDSCs 
These cells are loaded with the 
enzyme anginase, which degrades 
the amino acid, About 2 years ago, 
Juan Ochoa and his colleagues 
showed that mice subjected to sur= 
tical stress produce large numbers 
of the cells, which proved to be 
potent inhibitors of T-cell activa 
tion, The researchers have also 
found high arginase production in 
cells from human trauma patients 
but haven't yet pinned down the 
‘exact nature of those cells. 
Meanwhile. studies of both 
‘animal modelsand human patients 
have pointed toa similar immuno- 
suppressive role of MDS 
produced arginase in cancer, 
In one study about 3 years ago, 
the Ochoas, with L! 
Rodriguez and collea 
that arginase produced by MDSCs 
associated with lung cancers 
growing in mice impairs Tell 
function inthe animals by decreas 
ing expression of the receptor zeta 
chain, MDSCs “interfere with the 
Tell antigen receptor so that there is no s 
nal” to activate the cells, Augusto Ochoa says 
The researchers also showed that treat- 
ment with an arginase inhibitor significantly 
slowed the growth of lung tumors in mice 
Since then, the Ochoas and others have 
found that MDSCs from human cancer 
patients produce large amounts of arginase 
and nitric oxide synthase (NOS), another 
enzyme that degrades arginit 
These findings suggest that treatments that 
raise arginine levels in T cells can alleviate the 


‘The next 
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immunosuppression occurring in trauma and 
cancer patients. Indeed, dietary arginine sup- 
plements have already proved useful in com- 
bating infections in trauma patients, and pre- 
clinical work indicates that drugs that interfere 
‘with the synthesis or function of arginase and 
NOS might counteract the immunosuppres- 
sive effects of MDSCs. Ivan Borrello and 
Paolo Serafini at Johns Hopkins University 
School of Medicine in Baltimore, Maryland, 
working with Padua’s Bronte, have looked at 
three such drugs—sildenafil (Viagra), 
tadalafil (Cial 
that are much better known for their role in 
treating erectile dysfunction, 

‘As Borrello and his colleagues reported 
a little more than a year ago in The Journal 
of Experimental Medicine, sildenafil in 
particular can decrease production of 
arginase and NOS by MDSCs, thereby 
boosting T-cell responses. In mice with 
colon or mammary tumors, treatment with 
both the drug and the T cells primed to ree- 
‘ognize the appropriate cancer produced 
much greater inhibition of tumor growth 
than treatment with the T cells alone. 
Bronte and his colleagues have found simi- 
lar effects ina mouse-tumor model with an 
aspirin derivative called NO-aspirin, 


The inflammation connection 
Much evidence throughout the past several 
years has supported the idea 
that inflammation promotes 
tumor growth, Exactly how it 
does that isn’t clear, but recent 
evidence implicates MDSCs, 
‘searchers have found that 
ancer cells produce a variety of 


Potent immunosuprressors. MOSCs 
produced under the influence of 
VEGF, interleukin-1f, and other 
factors released in the tumor 
‘environment, can inhibit immune 
responses to the tumor in several 
‘ways. These include blocking the 


VEGF helps tumors grow by stimulating 
angiogenesis, the formation of the new 
blood vessels they need. Angiogenesis is 
also a component of inflammation. And 
about 4 years ago, two independent teams, 
‘one led by Mario Colombo and Cecilia 
‘Melani of the Istituto Nazionale per lo Stu- 
dio ¢ la Cura dei Tumon in Milan, Italy, and 
the other by P. Charles Lin of Vanderbilt 
University School of Medicine in Nashville, 
Tenne: showed that MDSCs also pro- 
duce VEGF, thereby further promoting 
tumor growth and their own formation. 

More recent work suggests that it may be 
possible to break this vicious eycle. Lin and 
others have found that VEGF secretion by 
MDSCs requires the activity of an enzyme 
called metalloproteinase-9. And the Colombo 
team now reports that a drug that inhibits this 
enzyme can reduce VEGF concentrations and 
the number of circulating MDSCs in mice that 
have mammary tumors. The drug also boosted 
responses to a vaccine directed against the 
tumor. (The results appeared in the December 
2007 issue of Cancer Research.) 

As shown by Ostrand-Rosenberg and her 
colleagues, the pro-inflammatory cytokine 
interleukin (IL)-1B also stimulates MDSC 
production, making it another target for drugs 
‘imed at overcoming immune suppression in 
cancer patients. Evidence to support this idea 
‘comes from experiments on mice lacking the 


Tumor cell 


receptor through which IL-1 exerts its 
effects. As the Maryland team reported in the 
October issue of Cancer Research, mammary 
tumors implanted in the animals show 
reduced growth and metastases. iis led us 
to hypothesize that [MDSCs] are one of the 
connections between chronic inflammation 
and cancer." Ostrand-Rosenberg say’ 

Tumor cells also produce COX- 
enzyme in the pathway that make 
matory molecules such as prostaglandin E2 
(PGE2). Ostrand-Rosenberg’s team has 
found that MDSCs have receptors for the 
prostaglandin and that drugs that mimic 
effects increase their formation while PGI 
Inhibitors block it. In addition, the Ochoas 
and their colleagues have found that PGE2 
stimulates arginase production by the cells, 
And both teams have shown in mouse mod- 
els that COX-2 inhibitors can slow tumor 
growth, That may help explain why individ- 
uals who take COX-2 inhibitors, which have 
been widely used for treating arthritis and 
other inflammatory conditions, seem less 
prone to developing cancer than people who 
don’t take the drugs, 

Not only are MDSCs induced by inflan 
matory molecules, but ina situation similar to 
that seen with VEGF, they themselves can 
promote inflammation. Macrophages, which 
are part of the innate immune system. 
in two types: MI macrophages promote 

activity of killer T cells through 
their production of IL-12 and 
are thus antitumor, whereas 
M2 macrophages promote 
inflammatory responses through 
their production of IL-10, 

In work reported earlier last 


proteins that either are directly activities of several types of cells. VEGF VEGF, L-B, ‘year in The Journal of immunol- 
inflammatory or can trigger the heeded for immune responses and thentactore ogy, Ostrand-Rosenbeng’s team 
production of inflammatory altering type 1 macrophages. found that MDSCs enhance the 
cytokines in the tumor envi- growth of mammary tumors 
ronment, Some foster MDSC in mice by interacting with 
accumulation, and, to make : MI macrophages and convert- 
matters worse, MDSCs them- i — ing them to the M2 type. “This 
selves have pro-inflammatory i sets up a strong feedback.” she 
effects, thereby creating a says, to further enhance MD: 
vicious cycle that may perpet- activity. The results also indi- 
unre thele own malmenance ag Natural kiler cell — iia Bell case thar the drug gemcitabine, 
Well as tumor growth, NOs Hed, Which is already used to tre 
One early sign of an ae some cancers, exerts some of 
inflammatory link eame from _ effects by restoring IL-12 pro- 
Gabrilovich and col f duction by macrophages. 
1996. They found that a pro- € " All in all, researchers 
tein called vascular endothe- , Dendritic cell are finding that MDSCs are 
lial growth factor (VEGF), € 4 a extremely versatile immune 
which is released by tumor ~# suppressors and clearly a force 
cells, promotes the accumula- Macrophage oe. Tell bereckoned with ifimmuno- 
tion of MDSCs by blocking Type 1 >Type 2 therapy is to succeed. 
dendritic cell maturation. . “JEAN MARX 
11 JANUARY 2008 
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Fighting Algae in Kaneohe Bay 


“CALLTHE HOSE BRIGADE!” (RANDOM SAMPLES, 10 AUGUST 2007, P. 729) DESCRIBES AN EFFORT 


to remove a massive nuisance algae bloom kil 


ing it up with hu 


growth is removed. Ki 


algal blooms caused by point discharges of sew: 
removed, allowing the reef to g 
suburbanization of the watershed, uncontrolled nutrients that discharge to the bs 
courses, lawn fertilizers, and road runof¥ have 
(4-6), 
are very few examples of 


when the outfall wa 


above the thi 
Kaneohe Bay, there 


sholds for nuisance alg: 


ohe Bay is a classic & 


-orals in Kaneohe Bay, Hawaii, by suck- 


¢ barge-mounted vacuum cleaners. Unfortunately, this will give only 
temporary results and will fail in the long run unless the nutrient exeess that fuels the 


apd 
ple of coral reef eutrophication: Benthic 
killed the reef in the 1970s, but died 
adually recover (/). With continued 


from golf 
ms (2, 3) 


raised the nutrient concent 


Aside from the temporary success in 
moved. In on 


gate b 


ing successfully 


bay in Jamaica where all the land-based nutrients were diverted, nuisance algae that were 


choking the reef began to die in weeks, 


remained 2 months later (7), [algae are stary 


not return unless nutrient thresholds 


paying for this well-intentioned, but ulti 


underlying causes of eutrophication are removed. 


nd only a 


re again exes 
will work when they grow right back beca 
ily futile, effort who will be hosed unless the 


few dying clumps of weedy al 
J of nutrients, they die very quickly, and will 
eded, But no amount of sucking them off 


¢ they are overfertilized. It is the suckers 


THOMAS J. GOREAU 


Global Coat Reet Aliance, 37 Pleasant Street, Cambridge, MA 02139, USA. Ema goreau@bestweb.net 
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Response 
T. J. GOREAU FEELS STRONGLY THAT THE PRI 
mary cause of algal overgrowth of the coral 
reefs in Kaneohe Bay is eutrophication. We 
think he may have missed the point. While we 
agree that nutrient enrichment and overfish- 
ing are both important in causing algal blooms 
and coral-algal phase shifis on reefs around 
the world  J-6), including Kaneohe Bay inthe 
1970s (7), the story today is much more com- 
plicated (8-12). 

First, the species of algae targeted for 
removal by the Super Sucker are non-native or 
alien species introduced to Kaneohe Bay for 
aquaculture research in the 1970s and have 


be 
‘These species are native to the western tropi 
fic and are cult 
‘nan and agar industries in numerous 
areas covering thousands of hectares where 
eutrophication is not a problem (/3). 
Second, exotic species are considered or 
of the largest threats to global biodiversit 
where they alter ecosystem structure and 
function and cause substantial economic 
losses (/4). The methods to remove alien 
algae from reefs in Kaneohe Bay were deve 
oped asa means to prevent or reduce negative 
effects of an invading species, while buying 
time for the development of biol 


rowing unchecked since that time. 


ed for the car- 
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Gracilaria saticornia in Kaneohe Bay, Hawaii 
This exotic red alga, shown here overgrowi 
building corals, is one of the species targeted for 
removal using the underwater vacuum cleaner 
known as the Super Sucker, 


control methods with the native sea urchin 
Tripneustes gratilla (15). Preliminary data (8) 
are encouraging, as areas that have been 
cleared by the Super Sucker remain clear of 


alien algae and have increased coral recruit 
ment afier just 2 y 

Third, some introduced species are suc- 
cessful in new environments because they are 


competitively superior and because they have 
no natural predators. While nutrient enrich- 


ment can increase algal growth rates, more 
recently published nutrient concentrations 
from across Kaneohe Bay (/6) have consis- 
tently reported values below Lapointe’s 
ireshold values.” Other factors such as 
reduced herbivory are also clearly important 
but our data show that these algae are not pre= 
ferred food sources for herbivorous fishes in 
Hawaii (9). Because these alien algae are able 
to grow in low-nutrient environments and are 
not readily consumed by herbivorous fishes, 
they may be able to spread to Hawaii's most 
pristine reefs, Given this, we believe that itis 
our responsibility as scientists and conser- 
vation biologists to take action and help to 
prevent the death of yet another coral reef 
JENNIFER E. SMITH," ERIC}. CONKUIN,? 
‘CELIA M. SMITH, CYNTHIA L. HUNTER® 
National Center for Ecological Analysis and Synthesis, 


University of California, Santa Barbara, CA 93101, USA 
"The Nature Conservancy, Honolulu, HI 96827,” USA 
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Taihu Lake Not to Blame 
for Wuxi's Woes 


THE ALGAL BLOOM OBSERVED IN TAIHU LAKE IN 
the summer of 2007 and sensationalized in a 
News Focus story ("Doing battle with the 
grven monster of Taihu Lake.” 31 August 
2007, p. 1166) is certainly a serious environ- 
‘mental and ecological problem. However, the 
issue that drew public attention w Taihu Lake 
and the very visible bloom was actually a sep- 
arate incident that affected the aesthetic qual- 
ity of water in the city of Wuxi 
Environmental monitoring indicated that 
the first wave of algal bloom occurred in Taihu 
Lake in late April 2007. However, the offensive 
te and odor in the drinking water of Wuxi 
City occurred from the end of May to early 
June, It has since become clear thatthe taste 
and odor were not caused directly by algal 
bloom in Taihu Lake, but were instead the result 
ofan intrusion into the main water intake of 
listinct black water “agglomer- 
ate’ in; the duration of this 
agulomerate can be tied to ammonium levels, 
\which increased suddenly—from an average 
value of about 0,23 t0 0.97 mglliter—on 28 


Letters to the Editor 


May and began to decrease gradually after 
peaking at 4.0 mgiliter on 31 May. The 
‘unusually high concentrations of ammonium 
observed during this time are not normally 
associated with the processes in algal blooms, 
‘Samples were collected on 4 June 2007 from 
both the drinking-water intake and the water 
agglomerate. Analysis of the samples, which 
had strong septic and marshy odors (J, 2), 
detected dimethyl trisulfide (3,4) at concent 
tions of 11,399 and 1768 nglliter in the two 
samples, respectively —high enough to account 
for the odors (5, 6). Dimethyl trisulfide and 
related alkyl sulfide compounds are produced 
bby many bacteria (¢.2.. Pseudomonas sp.) that 
break down the amino acids methionine and 
cysteine into hydrogen sulfide, methylmercap- 
tan, and dimethylpolysulfides (7-11). The 
sample analysis also detected two typical algal 
‘metabolites —2-methybiso-bomeol and geosmin 
(/2-14)—that give earthy or musty odor to 
water, but these concentrations were much 
lower than the dimethyl trisulfide, It isc 
from these findings that dimethyl trisulfide and 
related alkyl sulfide compounds, not 2-methy 
iso-bomeo! and geosmin, were the main odor= 
causing compounds in Wuxi's water supply. 
Although itis not clear where the black-water 
agglomerate and the alkyl sulfide compounds 
came from, i is unlikely that these compounds 
are the direct metabolites of algae. OF course, 
degradation of eyanobacteria might also pro- 
duce such compound 

It is well known that some eyanobacte- 
ria—such as Microcystis aeruginosa, the 
main visible culprit in Taihu Lake—do pro- 
duce a range of toxins that can be harmful to 
human health. Further systematic monitoring 
data of raw water samples from the same 
‘water intake in Wuxi were collected on 4 and 
8 June 2007 for the analysis of dissolved 
microcystins. The analytical results show that 


frequently recorded microcystins associated 
with algal blooms worldwide (/ 5, /6), were 
undetectable for the sample of 4 June and 
were present only in small amounts (64 and 72 
ng/liter, respectively) in the sample of 8 June. 
The level of microcystins detected did not 
exceed the WHO Drinking Water Guidelines 


maximum of I yi 

The algal bloom in Taihu Lake in 2007 was 
in fact not much different from those in previ- 
‘ous years. According to the local monitoring 
data. algal density near the water intake during 
the odor event period (end of May 2007) was 
‘much lower than the highest value recorded in 
August 2003. The trigger for public concern 
bout the water supply was in reality complex 
chemical event of biological origin, which has 


‘ot previously been associated with blooms of 

Microcystis aeruginosa in Taibu Lake. 
[MIN YANG, JJANWEI YU, ZONGLAI Ll ZHAQHAL 
GUO,* MICHAEL BURCH,? TSAIR-FUH LIN 


state Key Laboratory of Environmental Aquatic Chemistry 
Research Center for Eco-Environmental Sciences, Chinese 
Academy of Sciences, Post Office Bot 2873, Beijing, 
100085, China, ‘Australian Water Quality entre, Private 
Mail Bag 3, Salisbury SA $108, Australia, )Department 
‘of Environmental Engineering, National Cheng Kung 
Univesity, University Road, Tainan City, 70101, Taiwan, 
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Correcting the Record on 
the Data Quality Act 


AFTER DONALD KENNEDY INDICATED IN HIS 
Editorial on medical marijuana ("Turning the 
tables with Mary Jane.” 4 May 2007. p. 661) 
that the Data Quality Aet (DQA) (/) could be 
useful for public interest groups as well as 
industry. Schick etal. (“The tobacco industry 
and the Data Quality Act," Letters, 17 August. 
1-898) complained that the Editorial failed to 
‘mention the documented leadership role that 
Phillip Morris played in the genesis of the 
DQA. However, the Schick er al. Letter 
confused the Data Access Act with the DQA. 
The DQA implemented provisions of the 
Paperwork Reduction Act (PRA) of 1995 (2) 
that required the Office of Management and 
Budget to issue guidance on federal infor- 
mation dissemination: it has nothing to do 
with access to raw data, 

Neither Phillip Morris (a multiproduct 
company) nor any other tobacco company 
(or nontobacco company for that matter) 
played a leadership role in the genesis of the 
DQA. While working with the Center for 
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wulatory Effectiveness in Washington, 

1C, Twas personally involved with the 
development of the DQA, and no industry 
entity contributed to its formulation. More- 
‘over, as is evident from its plain wording, the 
genesis of the DQA lay in the information 
dissemination provisions of the 1995 PRA 
and hearings and debate on those provisions 
began at least as early as 1989. 

The DQA provisions underwent public 
consideration by Congress starting in 19 
and discussions proceeded almost continu- 
‘ously until its enactment in 2000 [e.2.. (3-5) 
Entire commentary articles have been based 
on the false premise that it was enacted 
covertly [e.u., (6)]. 

Finally, it should be noted that the DQA has 
been used extensively by public interest groups, 
private citizens, and other non-industry peti- 
tionerschallenging government information on 
subjects other than medical marijuana (7). 

WILLIAM G. KELYIR. 
Center for Regulatory Etectivness, riggs, 1083422, USA. 
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TECHNICAL COMMENT ABSTRACTS 


Comment on “The Southern Ocean 
Biological Response to Aeolian 
Iron Deposition” 

Philip W. Boyd and Douglas Mackie 


Cassar et al (Reports, 24 August 2007, p. 1067) pro- 
posed that aerosoron input enhances Southern Ocean 
‘export praduction. Their conclusion critically depends on 
aerosol-iron modeling simulations not validated with 
inon-deposition data and dust disslution rats based on 
Northern Hemisphere atmospheric chemical conditions 
{low pH). This diminishes the relevance oftheir findings 
and demonstrates that applying such models to this 
region is premature. 

Full text at wan sciencemag.orokegilcontentull319/ 
58601590 
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Response To COMMENT ON “The 
Southern Ocean Biological 
Response to Aeolian Iron Deposition” 


Nicolas Cassar, Michael L. Bender, Bruce A. 
Barnett, Songmiao Fan, Walter }. Moxim, 
Hiram Levy I, Bronte Tilbrook 


Net community production in the Southern Ocean is corre- 
lated with simulated local dst depsition, and mare sowith 
madeled deposition of soluble fon, Madel simulations of 
‘the latter to properties are consistent with observations in 
both hemispheres. These results provide strong evidence 
{hat eros iron deposition i a fis-order contol on net 
‘community production and export production over large 
areas ol the Southern Ocean 

Full txt at wnnesciencemag.orglegicontent/MdV319/5860/ 
159% 


CORRECTIONS AND CLARIFICATIONS 
News Focus: “Inthe HV ea, an old TB vaccine causes new 
problems” by M, Enserink (X6 November, p. 1059) The 
‘story stated that the live TB vaccine Bacille Calmete 
‘Guerin (CG) was developed by researchers atthe Pasteur 
institute in Pais Infact, Albert Calmette and Camille 
Guerin did most oftheir work atthe Pasteur Institute in 
Lie, beoinning in 1897 and persevering under estemely 
dificult circumstances during World War |. In 2929, 
CCalmette joined the Pasteur Institute in Paris, by which 
time the vaccine development was essentially complet, 
18CG was ist used in Pais in 2921. 
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HISTORY OF SCIENCE 


Delicious Tales of Guinea Pigs, Etc. 


Vassiliki Betty Smacovitis, 


lumor has it thatthe great mathematical 
Roses geneticist Sewall Wright 
ld be so absent-minded that, need~ 
ing room for his equations on the blackboard 
‘one day, he made an ersatz eraser out ofa frac- 
tious guinea pig he had brought to class. The 
story happens to be untrue [as William 
Provine’s careful research showed (/)}, but it 
‘can spice up an otherwise bland historical stew 
for nonspecialists. Along with other fun ane 
dotes, interesting asides, and startling connec- 
tions, it appears in Jim Endersby’s charming 
A Guinea Pigs History of Biology 
‘The book isn’t all fun and games, however 
{tis part ofa grewing trend among historians of 
biology to concentrate on “the organism.” var 
‘ously used as model, experimental system, or 
just plain object of study. In one guise, the 
movement merely seeks to explore the varied 
ways in which biologists’ organisms have 
shaped the development of biology. 
ithas a more ambitious project: t 
‘or perhaps even agency to nonhumans (though 
the latter has been the subject of much debate), 
So, silly as it seems, the book's ttle isn't just a 
‘cute way to entice readers’ interests: it is also a 
kind of word play on a body of literature that 
has made “historical actors” of things like 
Imicrobes and sea s 
Blessedly, discussion of such challen 
traditional understanding of seience is brief 
and included mostly in the preface and 
acknowledgments, The remaining 12 chap- 
tersare devoted tothe subject at hand, which is 
not so much the history of 
biology as the history of 
genetics and evolution retold 
(with occasional additions of 
microbiology, physiology, 
and cell biology) through 
some of the many prominent 
onganisms studied. Each 
chapter is actually an inde- 
pendent essay that ean be 
read alone: each is framed by 
‘an organism that has played 
some interesting historical role 


sto 


A Guinea Pig’ 


by Jim Endersby 


and arranged 
around some key event. Some are instantly 


recognizable “celebrity” organisms (e.g.. the 
fruit fly Drosophila melanogaster and maize, 
Zea mays), others are more obscure and now 


The reviewer is at the Department of Zoology and the 
Department of History, University of Florida, Gainesville, 
FL 32611, USA. Email bsmocovi@ull.edu 
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Sewall Wright and one of his guinea pigs. 


extinct (e.g, quagga, Equus quagga) or 
largely forgotten (e.g. Gregor Mendel’s pale 
hawkweed. Hienacium auricula, and Hugo 
de Vries's evening primrose, Oenothera 
Jamarckiana), while still others are actively 
used by researchers (e.g. the cress 
Arabidopsis thaliana and zebrafish, Da 
rerio). One chapter is devoted to a genetica 
engineered organism (the famously trade- 
marked OncoMouse) 

What emenges is a lighthearted retelling 
of a familiar story that will appeal to a wide 
audience. As we learn about the breeding 
patterns in horses and 
zebras, wealso keamabout 
the leisurely interests 
of Victorian aristocrats, 
radical political move- 
ments, and the cl 
lenges of gardening in 
an increasingly indu 
context. While gain- 
ing an understan 
of Victorian attempts 
to study inheritane 
humans, we learn about the g 
with London's sanitation, the famous Health 
Exhibition, and the development and use of 
industrial ceramics as toilet bowls and sewer 
pipes by Doulton and Company (now known 
as Royal Doulton, the maker of fine dinner- 
ware). As we lear much about the guinea pig 
as model onzanism for geneticists, we gain an 
appreciation ofits culinary merits. 


History of Biology 


Although enjoyable, this approach has 
some drawbacks, Throughout the book, nec- 
essary historical details or critical develop- 
ments are missing or “off,” while irrelevant 
digressions and asides include far more 
detail than needed, For example, the 
chapter framed by the guinea pig, 
Cavia porcellus, (really the chapter 
on the “modern” synthesis of evolu- 
tion) provides a fascinating discus- 
sion of historical and ethnographic 
uses of the experimental cavy 
(along with descriptions of recipes) 
but a misleading picture of the his- 
torical event itis supposed to cover, 
That synthesis wasn’t all due to the 
use of guinea pigs and Drosophila, 
the insights of theoretical popula- 
tion geneticists like Wright, or 
the field work and experiments of 
Theodosius Dobzhansky. It is almost 
asthough Emst Mayr, Julian Huxley 
George Gaylord Simpson, and G. 
Ledyard Stebbins Jr. (among many 
others) and their critical contribu. 
tions didn’t exist. Given the book's 
many plant examples, Stebbins, 
whose classic book (4) brought botany into 
the synthesis, would have been a much more 
appropriate end point for the chapter than 
his friend Dobzhansky. One must also won- 
der what kind of historical account of evo- 
lution can be told without fossils. And 
although the book is to be lauded for inelud- 
ing so much from the botanical side, the 


actual historical analysis is disappointing 
Its great to feature Ocenothera for the section 
‘on the “eclipse of Darwin” (the interval of 
time around 1900), but to give it a central 
place in understanding the phenomenon of 
polyploidy isn’t fair. That part properly 
belongs tw the Kew primrose, Primula 
Aewensis, and the histories of polyploidy, 
apomixis, and hybridization are vastly more 
complicated than portrayed here. 

In short, the book offers lay readers an 
‘engaging and lively introduction to the his- 
tory of biology. But I'm not sure that it 
actually enriches historical understanding 
of the field. 
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PHYSICAL CHEMISTRY 


Keeping Time 
Stephen Gray 


B easy to understand and calculate than 


in terms of what actually applies to the world 
at large. They typically con- 


ooks on quantum mechanics are often 
organized more in terms of what is 


tain much discussion from 
the perspective of the time 
independent Sehr 
on (TISE), Mx) 
This equ 


equa 
EW), 
tion determines the 


allowed stationary states of 
1 system (defined by its Hamil- 
1), which 
froma parti. 


tonian operator, 
could be anythin 
cle such as an electron to a 
complex molecule containing 
many atoms, Depending on 
the problem details, the stationary state ener- 
siies (£) take on only certain discrete values 
(as in the well-known hydrogen atom prob. 
Jem) or take on a continuous range of values 
problems involving collisions). 


Associated with each allowed energy, £ isa 
wavefunction, ¥%x), where x denotes the 
system's coordinates. The absolute square 
Wu), is related to the likelihood of findin; 


the system in a specific region of space 


But for the most part, the universe isn’t sta- 
tionary: the positions of things change with 
time (1), For matters concerning time, one 


turns to another equation, the time-dependent 
Schrévdinger equation (TDSE). This equation 
determines the time-evolving wavepacket 
Wax.t ).and is written 


ih Wen = vO 
or 


Tand f is Planck's const 
divided by 2n. The TDSE may appea 
in the early parts of quantum m 
and also later on, when spectroscopic transi- 


where i nt 
briefly 


hhanics books 


tion 
lucky to find a full chapter on the TDSE 
although it is the more 


tes.are discussed, However, one must be 


neral equation 
because it describes the syst 
thro 


m’s evolution 


tance to Newton's equations in the world « 


classical mech 

What we have in David Tannor’s Intro. 
duction to Quantum Mechanics is an ad- 
vanced textbook in which the TDSE occupies 


The reviewer i atthe Chemical Sciences and Engineering 
Division, Argonne National Laboratory, 9700 South Cass 
‘Avenue, Argonne, IL 60439, USA. E-mait: gray @tc. nl. 
go 


center st 


Itreflects how the time-dependent 
{quantum mechanical picture has grown more 
important in the research literature over the 
past 30 years. This has been especially true in 
the discipline of physical chemistry (or chem- 
2 number of major 


ical physics), where 


dances in time-lomain theory and experi- 


pioneering ideas a 
Eric Heller and his collaborators 


starting in the mid-1970s led to 


Introduction to 
Quantum Mechanics 


ular spectroscopy and reaction 


dynamics, For example, a 
molecular absorption spectrum 


placing an approp 
wavepacket, Wor 
excited state potential enengy 

how 


surface and then seei 


it evolves according to the 
TDSE 
ofa certaincorrelation function 
inferred from Vx.) is proportionate to the 
Althoug! 


al reader this description 


The Fourier transform 


absorption spectrum 


the 


may sound a little obtuse, to many 


researchers— theoreticians and experi 
mentalists alike—this is a tremendous 
conceptual insight compared to the 
banal time-independent picture of 
calculating certain matrix elements 
(or integrals) involving stationary 
state wavefunctions, 


Also crucial were advances in laser 


technology that have allowed experi- 


‘mental research on time-domain quan 
tum dy bloom. For example 
Ahmed Zewail received the 1999 
Nobel Prize in Chemistry for his 


experimental work t 


amics 


hat studied chemi- 
cal reactions in real time with femto- 
second (10° s) spectroscopy, In addi- 

al 
wo 


tion, the combination of subs 


methodolo; advances due 


Ronnie Kosloff and others starting in 


the 1980s and the steady growth in 


computing power now make the task 
of actually solving the TDSE easier 
than ithas ever been 

The book offers 
f 
tum mechanics with an em 


dite treatment of time-dependent 


qua 
‘on the spectroscopy and dynamics 
of 


Throughout, readers are challenged to 
understand the mathematical structure 
behind the pictures and concepts. The 
extensive reference lists and occa- 
sional historical notes will help them 


do so, prod 
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One recurril 


theme is the correspon- 
quantum and 
mechanics: how quantum mot 


dence between 


classical 


nis inti- 


mately connected with the behavior of a 
corresponding classical system, Part of the 
going back 
al exposition of coher- 


appeal of wavepackets 
Schridin; 


ie wavepackets) is that they provide a 
of 
classical motion. Tannor (a professor at the 
Weizmann Institute of 
lucidly 
throug! 
path int 

Tannor providesa rigorous, self-contained 


direct and intuitive quantum anale 


Israel) 
out this correspondence 


Science 


bri 
numerous examples and, at a more 


orous mathem 


tical level, a chapter on 
.grals and semiclassical theory 


development of modern time-dependent 
quantum mechanics and discusses numerous 
applications in molecular spectroscopy and 
reaction dynamics, With its fresh and con 
ceptuallly appealing perspective, Introduction 
10 Quantum Mechanics could change how 
quantum mechanies is perceived and taught, 
10.1126/«ience.1181473, 


Visual appeal. An initial wavepacket “launched” at the tan: 
sition state for a chemical reaction involving atoms A, B, and 
C (top) subsequently (bottom) bifurcates, leading to different 


arrangements (AB + Cand A + BO. 
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ENVIRONMENT 


Ocean Iron Fertilization—Moving 
Forward in a Sea of Uncertainty 


Ken 0. Buesseler,'* Scott C. Doney.' David M. Karl? Philip W. Boyd.?Ken Cal 


Fei Chai.S 


eth S. Johnson,* Richard S. 


Lampitt.® Anthony F. Michaels,""S, W. A. Naqvi,” Victor Smetacek.” Shigenobu Takedsa,"* 


‘Andrew J. Watson'* 


he consequences of global climate 

I change are profound, and the scien- 

tific community has an obligation to 

18e88 the ramifications of policy options for 

reducing greenhouse gas emissions and 

enhancing CO, sinks in reservoirs other than 
the atmosphere (/. 2). 

‘Ocean iron fertilization (OIF), one of sev- 
eral ocean methods proposed for mitigating 
rising atmospheric CO,, involves stimulating 
net phytoplankton growth by releasing iron 
to certain parts of the surface ocean. The 
international oceanographic community has 
studied OIF, including 12 major field pro- 
grams with small-scale, purposeful releases 
of iron since 1993 (3, 4), Although these 
experiments greatly improved our under- 
standing of the role of iron in regulating 

n ec 

they were not designed to ef 
‘1 carbon mitigation strategy. The efficacy 
by which OIF sequesters atmospheric CO, to 
the deep sea remains poorly constrained, and 
wwe do not understand the intended and un- 
intended biogeochemical and ecological 
impacts. Environmental perturbations from 
OIF are nonloca Spread over a large 
area by ocean circulation, which makes long: 

term verification and assessment very diffi- 
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cult. Modeling studies have addr 
sequestration more directly and have su: 
gested that OIF in areas of persistent high 
nutrients (so-called high-nutrient, low- 
chlorophyll areas) would be unlikely to 
sequester more than several hundred million 
tons of carbon per year. Thus, OIF could 
make only a partial contribution to mitig 
tion of global CO, inereases. 
Despite these uncertainties in the science, 
private organizations are making plans to 
conduct larger-scale iron releases to generate 
are convinced that, as yet, 
ic basis for issuing such 


ed 


whether credits should be issued could 
emerge from reducing uncertainties; this will 
only come through targeted research pro- 


grams with the following specific attributes: 


ger spatial and longer 
use ecological impacts and 
CO, mitigation are seale-dependent. 

* Consideration of OIF in high- and low- 
nutrient regions to understand a wider range of 
processes that are affected by iron, such as 
nitrogen fixation and elemental stoichiometry. 

Detailed measurements in the subsurfac 
‘ocean to verify the fate of fixed carbo 
including remineralization length scales of 
carbon, iron, and associated el 

© Brow 
from bacteria and biogeochemistry to fish, 
seabirds, and marine mammals. 

* Characterization of changes to oxygen 
distributions, biophysical climate feed- 
backs, and cycling of non-CO, greenhouse 
gases. such as methane, nitrous oxide, and 
dimethyl sulfide. 

© Long-term monitoring and use of models 
to assess downstr 
study area and observation period. 

© Improved modeling studies of the results 
and consequences of OIF, including higher 
spatial resolution, better ecosystem parame- 
terization, inclusion of other greenhouse 
‘gases, and improved iron biogeochemist 


‘© Analysis of the costs, benefits, and 


It is premature to sell carbon offsets from 
‘ocean iron fertilization unless research 
provides the scientific foundation to 
evaluate risks and benefits 


impacts of OIF relative to other climate 
and carbon mitigation schemes and to 
the impacts of global change if we take 
no action 

The organization of such experiments is 
as critical as the scientific design. The 
scope of the problem will require individ- 
ual sponsors and partnerships of national 
science agencies, philanthropies, and com- 
mercial entities. Academic scientists need 


pendence. This complished by 
regulating experiments in a uniform mi 
ner under such international agreements as 
the London Convention, widely distribut- 
ing science plans and results via open 
meetings and peer-reviewed journals, and 
and explicit statements of 
conflicts of interest, 

This group feels it is premature to sell 
carbon offsets from th 
commercial-scale OIF experiments unk 
there is better demonstration that OIF eff 
tively removes CO,, retains that carbon in 
the ocean for a quantifiable amount of time, 
and has acceptable and predictable environ- 
mental impacts. As with any human manipi- 
lation of the environment, OIF carries 
potential risks, as well as potential benefits: 
moving forward on OIF should only be done 
if society is willing to acknowledge explic- 
itly that it will result in alteration of ocean 
ecosystems and that some of the conse- 
quences may be unforeseen. We are cur- 
rently facing decisions on climate regula- 
tions, such as the post-Kyoto framework 
discussed in Bali, carbon cap-and-trade bills 
in the U.S. Congress, and consideration 
of OIF by the parties to the London 
‘Convention, and we feel that ocean bik 
geochemical research will help inform these 
important policy decisions. 
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CANCER 


A Few to Flip the Angiogenic 


he rapid formation of blood vessels, a 
[ process known as the angiogenic 
switch, is required for progression 
of dormant or micrometastatic tumors to 
mutcrometastatic invasive tumors. New blood 
vessels may either sprout from preexisting 
mature ones or form de novo by recruiting 
culating endothelial progenitor cells derived 
from the bone marrow (/-3). Although these 
progenitors can incorporate into human 
tumors andl transplanted tissue (4, 5), they do 
so in small numbers, raising doubt about their 
‘al contribution to neo-angiogenic 
Gao eral. 
‘east any doubt aside by showing that notwith- 
standing their low numbers, recruitment of 
these endothelial progenitor cells is pivotal for 
the progression of avascular micrometastatie 
tumors to lethal macrometastatic ones (6). 
‘Why has there been so much confusion? It 
may be that only certain types of tumors (7), 
producing distinet proangiogenic chemokines 
U, & 11), demand bone ow-derived 
‘endothelial progenitor cells to initiate (2) and 
possibly maintain nascent vessels within spe- 
ciffe primary and metastatic lesions (/3). 
Indeed, the extent of progenitor cell incorpor- 
tion is maximal in relapsing tumors (9) and 
in certain aggressive carcinomas (/4). But 
the main reason for inconsistent results is 
probably the phenotypic similarities between 
hematopoietic cells and true endothelial pro- 
_genitor cells (those with bone marrow repopu- 
Jating potential) (2, 3) and the technical hur- 
dles involved in distinguishing and localizing 
them in the lumen of functional blood vessels. 
In some mouse studies, the majority of the 
bone marrow-derived cells in tumors was not 
‘endothelial, but of hematopoietic lineage, and 
\were positioned perivascularly rather than 
incorporated into the vessel lumen (/5, /6). 
However, in these reports, it was unclear 
Whether true endothelial progenitors were 
transplanted into recipient bone marrow. 
To circumvent these problems, Gao et al. 
tracked endothelial progenitor cells by label- 
§ ing with green fluorescent protein and by 
§ assessing the expression of vascular-specific 
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progenitor cells 


Blood vessel: 


Avelatively small number of endothelial 
progenitor cells have a profound effect on 
tumor growth and metastasis 


Few but mighty. Bone marrow-derived endothelial progenitor cells contribute instructively to micro- 
‘metastasis and structurally tothe emergence of macrometastatic tumor nodules. 


molecular markers, including the celladhesion 
molecules VE-cadherin and CD31, VEGER2 
(areceptor for vascular endothelial growth 
tor), and Id, transcription factor that pro- 
motes angiogenesis. Using mouse models of 
Jung (metastatic mouse Lewis Lung care 
noma) and breast (spontaneous MMT" 
PyMT) cancer models, the authors demon- 
strate that about 12% of the endothelial cells 
within macrometastases were derived from 
‘bone marrow, Remarkably, when the expres 
sion of ld was reduced in these small number 
of progenitors, their mobilization from bon 
marrow decreased by 96%, angiogenesis was 
blocked, tumor formation decreased, and the 
animal’ survival improved, 

The inhibition of Id did not affect tumor 
cell dissemination or the initial colonization of 
‘organs by malignant cells, but rather, shut off 
the mobilization and recruitment of particular 
endothelial progenitor cells (those expressing 
Id, VE-cadherin, and low amounts of CD31). 
These specific progenitor cells infiltrated 
micrometastatic lesions and produced proan- 
jogenic growth factors before the initiation of 
macrometastases, Ultimately, subsets of these 
progenitor cells differentiated (to express VE- 
ccadherinand increased amounts of CD31) and 
integrated into the lumen of tumor neovessels. 
These data suggest that bone marrow-derived 
endothelial progenitors are unique in provid- 
ing both instructive (paracrine) and structural 
(vessel incorporation) roles to promote tumor 
macrometastasis (see the figure). They also 


extend previous studies demonstrating that 
hematopoietic progenitor cells initiate meta- 
static colonization (10), whereas endothelial 
progenitor cells promote progression of the 
metastatic lesion, 

How can bone marrow-derived endothe: 
lial progenitor cells be distinguished from 
preexisting tumor endothelium or hema- 
topoietic cells (17)? A phenotypic definition 
by specific molecules (including the pres- 
ence of Id1, VE-cadherin, VEGFR2, CD31, 
CD13, and the growth 
but absence of the cell adhesion mol 
CDIIb and the phosphatase CD45) 
been used previously to mark endothel 
progenitor cells incorporated in the lumen of, 
tumor vasculature (/2). However, some of 
these markers are expressed by subsets of 
hematopoietic lineages, and therefore pheno- 
typing must be carefully performed (2, 3). 
Another complicating factor is the potential 
contribution of recently discovered cells sim= 
ilar to endothelial progenitor cells resident 
within organs other than the bone marrow 
(J8), Lack of functional standardized bioas- 
says to quantify the scarce populations of true 
endothelial progenitor cells is a major hurdle 
in assessing whether bone marrow transplan- 
tations performed in different laboratories (2. 
3. 15, 16) results in engraftment of sufficient 
numbers of progenitor cells to interrogate 
their contribution to tumor neo-angiogenesis. 
Therefore, establishing standardized in vivo 
functional assays to detect and quantify 


SCIENCE VOL319 11 JANUARY 2008 


163 


| PERSPECTIVES 


164 


repopulating progenitors is urgently needed. 

Majorissues still need to be resolved. Itis 
unclear why endothelial progenitor cells are 
recruited only by certain tumors. And the role 
of proangiogenic factors elaborated by 
(or specific to) endothelial progenitor cells 
needs further investigation. Whether their 
continuous recruitment contributes to matin 
taining stabilized tumor vessels also has yet 
tw be determined 
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CANCER 


Quo Vadis, Specificity? 


Hans Schreiber and Donald A. Rowley 


‘Mutations in cancer cells can give rise to tumor-specific antigens, but abnormal processing of nor- 
mal molecules in these cells can also elicit an immune response. 


nding molecules exclusively expressed 
F {tumor cells is one of the great hopes 

in the fight against cancer, because ther- 
apeutically targeting such molecules, or anti- 
gens, should eradicate cancer without harming 
normal tissue. The extremely large repertoire 
of T cells bearing distinet receptorsallows the 
immune system to recognize a multitude of 
antigens with great specificity and selectivity. 
‘On page 215 of this issue, Savage ef al. (1) 
report that T cells recognize a fragment of a 
ubiquitous nuclear protein, histone H4, yet 
somehow bypass recognizing normal cells, 
infiltrating prostate cancer instead, 
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‘Tolerance or sequestered in cell 
+ No immune response 
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Cancer is caused by somatic mutations 
and/or the introduction of genes from 
‘cancer-causing viruses, which leads to the 
expression of cancer-specific proteins and 
potential antigens (see the figure). This has 
led to the controversial idea of the evolution 
‘of adaptive immunity to prevent the dev 
‘opment of cancers. All cancers in man (and 
mouse) that have been analyzed express 
bona fide tumor-specific antigens that could 
be targeted by T cells. In some cases, the 
same tumor types share mutations and anti- 
gens (2, 3), But each patient’s cancer seems 
to have a unique set of mutations (4. 5) that 
‘can provoke a powerful immune response 
(6). When it was shown that cancer in mi 
could be eradicated if the animals were 
immunized with their own, autochthonous 


‘+ May trigger an immune 
response 
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cancer cells, it meant that the immune sys- 
tem could be primed for subsequent chal 
lenge by the same tumor, bearing unique. 
immune-reactive antigens (7), However, 
unique antigens have remained unexploited 
clinically, because highly personalized ther- 
‘apy would be required. 

The mice with primary prostate cancers 
studied by Savage et al, mounted an immune 
nonmutated peptide derived 
from histone H4, a nuclear protein. At first, 
this may not seem so surprising, because 
immune responses of cancer patients often 
recognize molecules expressed by both can- 
cer cells and some normal cells, so-called 
self-antigens, What is remarkable and unex- 
plained is that histone H4 is expressed not 
‘only by prostate cancer cells but also by all 
normal somatic cells, yet was recognized 
‘only in cancerous tissue by the immune sys 
tem. Perhaps the histone H4 antigen is 
processed and “presented” at the cell surfi 
in an unusual way by prostate cancer cells in 
response to the tumor microenvironment, If 
‘0, is this related to the cause (a viral onco- 
gene in the mouse model used by Savage ef 
«al. of the cancer? Is histone H4 also recog: 
nized as an antigen in spontaneous human 
prostate cancers (and in other murine models 
‘of prostate cancer)? No self-reactivity or 
harmful effects by the immune system 
occurred in normal mice, even with 
the abundance of T cells (CDS* subtype) 
expressing receptors specific for histone H4, 
T cells localized and proliferated in the can- 
‘cerous tissue in response to the peptide, but 
failed to produce cytotoxic effector mole- 
cules or eytokines (such as imterferon-y) that 
could further boost the immune response, 


Not so normal. New molecules synthesized in 
cancer cells may elicit a tumor-specific immune 
response. Cancer cells can also express genes encod- 
ing sell-molecules that are released and presented 
{oT cells by antigen-presenting cells in the tumor, 
Sell-molecules may also be aberrantly processed 
‘and recognized by immune cells. Factors in the 
tumor microenvironment could trigger these effects, 


| 


and there was no increase in animal survival. 
The reason for this immunity breakdown 
is unclear. 

Antibodies to growth factors (such as 
ular endothelial growth factor), growth 
factor receptors (such as HER-2), or self 
antigens (such as CD20, expressed by B 
cells) have become important in the therapy 
of other cancers. It is unclear, however, 
whether T cells that target self-antigens on 
tumors could be similarly effective, even if 
normal cells expressing those antigens were 
dispensable, Self-reactive T cells are readily 
deleted and/or functionally inact 
\when not deleted, havea reduced capacity to 
recognize target antigens (8). When self 
reactive T cells are made effective (9), f 
autoimmune damage may occur. Even 
though one can generate T cells bearing 
receptors with high (nanomolar) affinity for 
self-antigens that are highly expressed in 
cancers, it is difficult to predict whether 
autoimmune damage will occur if used 
therapeutically. Much depends on whether 
the self-antigen is only expressed on dispen- 
sable normal tissu 

Whether ubiquitous, normal self-pro- 


teins are sufficiently selective antigenic tar- 
gets on prostate cancer to allow tumor erad- 
ication without detrimental autoimmune 
responses by the therapeutic T cells will 
become apparent once any functional 
defects of the antigen-specific T cells have 
been identified and reversed. Similarly, for 
use in adoptive T cell therapy in which 
autologous human T cells are activated, 
expanded in vitro, transduced to express 
‘antigen-specific T cell receptors, and rein- 
fused into the patient, it will be necessary 
to compare mutated and normal self-ant 
gens for efficacy as targets. Although the 
feasibility and safety of such engineered T 
cells have been demonstrated in studies tar- 
geting the normal melanocyte-differenti 
tion antigen MARTI (/0), only 2 of 17 
patients responded to treatment, The autol- 
‘ogous T cells expanded in vitro and rein- 
fused into these patients likely contained 
variable numbers of T cells that recognized 
tumor-specific antigens. Procedures are 
therefore needed for expanding a patient's 
T cells in vitro so that they recognize the 
autochthonous tumor cells specifically. 
hT cells may not only be therapeut 
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upon infusion but also may be used to eluci- 
date the genetic origins of mutated tumor- 
specific antigens. 

As effective drugs are generated to tar- 
get specific mutated proteins, and as ca 
treatments become “personal” (//), 
is ironic that individual specificity still has 
to conquer the field of cancer immunol- 
fier all, it was the discovery of indi- 
vidually distinet tumor-specific antigens 
that ended gloom in the field over 30 years 
ago (/2). 
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BIOCHEMISTRY 


Dicey Assemblies 


Joi! Janin 


it may associate to form so-called 
‘quaternary structures (/). More than 40 
years ago, Jacques Monod and co-workers 
developed the theory of allostery that explains 
how the activity of proteins can be efficiently 
regulated. The quaternary structure allows 
proteins to have symmetries that play a central 
role in allostery (2, 3). Can this symmetry be 
manipulated by site-directed mutagenesis? 
(On page 206, Grueninger et al. prove that it 
can (4), Their experiments confirm some of 
the basic arguments made by Monod et al. 
‘Monod e7 al. noted that, in an symmetrical 
oligomer (a protein made of several polypep- 
tide chains) with identical sequences, every 
‘structural feature or interaction is repeated a 
‘number of times. Thus, any change in contact 
between two subunits will affect all symme- 
try-related contacts. For example, in the 


P= aire made of polypeptide chains 
u 
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‘Monod’ dice. The dimerization mutants ofthe urocanase and Rua pro- 
teins prepared by Grueninger etal. display the symmetries ilustrated here 
by assemblies of 7 dice. (Left) Dihedral two-fold (D,) symmetry (n = 4), 
(middle) dinedral four-fold 0.) symmetry (n = 8), (right) cytic three-fold 
(G)) symmetry (n =3). Each die represents a polypeptide chain, 


eight-dice assembly shown in the figure, the 
dice form two layers, each with a C, (eye 
four-fold) symmetry. The layers are related 
two-fold axes that give the assembly a Dy 
(dihedral four-fold) symmetry. The sixes form 
the interface between the layers. If one dot 
in each six is removed, that interface will 


Site-directed mutagenesis allows the symmetry 
of protein assemblies to be directed in a 
systematic manner, 


lose a total of eight dot- 
dot contacts. 

Monod etal. remarked 
that “mutations which ab- 
lish the interactions should 
frequently be found to re- 
sult in stabilization of a 
monomeric state” (3) and 
cited examples of mu 
tions of that type ide 
fied by classical genetics 
‘Yet when molecular genet- 
ics allowed the introduc 
tion of such mutations in a 
rational way, converting 
an oligomer into a stable 
monomer proved to be dif- 
ficult. Most attempts yielded 
products that were highly unstable and insol- 
uble, because nonpolar (and hence water- 
repelling) protein surfaces become exposed 
to water when subunit interfaces are dis- 
rupted. The few successfull cases all involve 
multiple mutations that make the interface 
Jess water-repelling (5). 
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However, Monod er al.’s reasoning applies 
not only to the destruction of a symmetrical 
‘oligomer but also to its creatior 
that can generate a favorable s 
in an oligomer with cyclic n-fold symmetry 
(C,) will do so 2n times, leading to dimeriza~ 
tion, if the contact is compatible with dihedral 
nfold (D,) symmetry. Contacts not compati- 
ble with such a symmetry can still promote 
subunit association but will generate an infi- 
nite helical fiber rather than a closed structure, 
‘A classical example is sickle-cell anemia, in 
which a point mutation in the B chain of 
hemoglobin causes the protein to polymerize. 

In other systems, conformation changes 
rather than mutations may cause the formation 
ofa fiber, and this can_also lead to dimeriza- 
tion, The prion protein implicated in neurode 
generative diseases (such as bovine spongi- 
form encephalopathy in cows and Creutzfeld- 
Jakob disease in humans) undergoes both 
typesof self-association under different condi 
ons (6), Thus, fiber formation and dimeriza- 
tion are related, frequently observed. and pos- 
sibly competing natural processes. 

Grueninger e¢ al have now achieved both 
dimerization and fiber formation by site- 
directed mutagenesis, engineering new sub- 
‘unit contacts in five different bacterial pro- 
teins. They used the known erystal structure of | 
these proteins to model assemblies with a two 
fold symmetry and to select amino acid substi- 
tutions that introduce nonpolar side chains at 
the modeled interface, They then generated the 
‘mutations, purified the corresponding mutant 
proteins, and checked their molecular 
‘weight by size-exclusion chromatography and 
dynamic light scattering. They also erystal- 


lized several mutants and elucidated their 
structures to validate their solution data. 

In the cases of 6-phospho-B-galactosi- 
dase and O-acetylserine sulthydrylase, sev- 
eral mutant proteins showed various degrees 
of dimerization in solution but did not erys- 
tallize. In the cases of urocanase and L-rham- 
nulose-1-phosphate aldolase (Rua), substitu- 
tion of one or a few residues resulted in com- 
plete dimerization, and crystal structures 
confirmed the presence of extensive new 
subunit interfaces involving the designed 
contacts. Urocanase is a C, dimer; substitu 
tion of three surface residues yields a 
tetramer with approximate D, symmetry. 
Rua is a C, tetramer; single substitutions 
‘convert it to two different octamers (one with 
the D, symmetry of Monod’s eight-dice 
assembly, the other with a lower symmetry). 
A different Rua variant with three substitu: 
tions aggregates into fibers. 

In another system described by Grueninger 
er al.—the bacterial MspA porin—dimeriza 
tion results from a deletion. The porin (a mem- 
brane-bound C, octamer) becomes a soluble 
Da \6-mer afier the membrane-immersed part 
isdeleted. A crystal structure confirms that the 
contact between octamers involves the lat 
protein surface, mostly nonpolar, revealed by 
the deletion. Thus, the set of proteins prepared 
by Grueninger er al. shows a variety of re- 
sponses to point mutations. Not all the engi- 
ncered assemblies have the expected symme- 
try; some are only marginally stable, or they 

\waregate instead of dimerizing. But on the 
‘whole, the data indicate that itis relatively easy 
to convert a protein with identical subunits 
into one with twice that number, at least form > 1. 


The successfil dimerization of three bac~ 
terial proteins by Grueninger eral. has impli- 
cations for the evolution of protein quater- 
nary structures. The new subunit contacts 
created by mutation or deletion must show 
because the mutant pro- 
teins do not aggregate in the crowded bacter- 
ial cytoplasm, where they fold and assemble 
correctly. How can specificity arise in the 
absence of natural selection? 

The answer may be negative selection 
(7). Ina cytoplasmic protein with 1 sub- 
units and C, symmetry, nonpolar side 
chains must be disallowed at any surface 
site where they could stabilize an assembly 
with 2n subunits and D, symmetry. Mutat- 
ions not compatible with that symmetry 
still promote aggregation, but a helical 
fiber lacks the multiple contacts that ereate 
cooperative effects in a D, assembly. Thus, 
a single mutation may not suffice to stabi- 
lize a fiber, unless the protein is present at 
a very high concentration, such as hemo- 
lobin in red blood cells 
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GEOPHYSICS 


What Triggers Tremor? 


Eliza Richardson and Chris Marone 


nenduring mystery in geophysics is 
A why the periodic stresses of tides do 

not commonly trigger earthquakes. 
If earthquakes simply represent reaching 
some threshold for the failure of rock. tidal 
forves should often trigger faults near failure 
by pushing them over the threshold. 
However, many studies show that this is not 
the case, except in special situations (/. 2). 
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Now, on page 186, Rubinstein er al. report 
that a seismic activity called nonvolcanic 
tremor is indeed triggered by lunar-solar 
tides (3) and. in some cases, as reported on 
page 173 by Gomberg er ai., by distant 
‘earthquakes (4). Discovering how dynamic 
stresses trigger fault failure may provide 
important clues about the onset of earth- 
‘quake rupture. 

Earth tremor episodes involve qua 
‘continuous emissions of low-frequency sei 
mic energy that last longer than ordinary 
earthquakes. Tremor is well known in vol- 
canic settings, where it is associated with 


Tidal forces and distant earthquakes can 
increase the low-frequency rumbling that 
‘occurs where tectonic plates collide. 


magma movement and fluid-cavity reso- 
nance (5. 6). The recent discovery of tremor 
in nonvoleanic settings (7) has inspired multi- 
ple groundbreaking studies (8-14), An 
‘emerging question ishow nonvoleanie tremor 
relates to aseismic (that is, radiating no mea- 
surable seismic energy) fault slip: they occur 
simultaneously and in predictable, periodic 
episodes in at least two locations where they 
have been studied extensively (8. 15, 16). The 
association of nonvoleanie tremor with fault 
slip suggests the tantalizing possibility that 
tremor could be used in earthquake forecast- 
ing, as it is in predicting volcano eruption (5). 
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Rubinstein etal. found aclear 
correlation between the domi- 
nant tidal forcing (at periods of 
12.4 and 24 hours) and the 
amplitude of tremor along the 
Cascadia subduction zone off- 
shore Vancouver Island, Canada. 
Tremor and aseismic fault slip 
recur periodically every 14 
months in this area (8, /3), and 
tidal stressing modulates tremor 
amplitude only during times of 
active tremor (3). This is an 
important point, The work of 
Rubinstein er a/. shows that tides 
are not sufficient to trigger 
tremor at arbitrary times during 
the eycle of repeated failure. In 
this sense, their result is actually 
quite similar to tidal triggering 
‘of voleanoes and ordinary earth- 
quakes, when tides primarily 
trigger earthquakes during times: 
of extreme activity, for example, 
just before or after large earth- 
quakes (/,2, 17). 

In contrast, a recent study 
(/4) shows that the Cascadia 
tremor was triggered early in the 
failure eyele by the passage of surface waves, 
from the magnitude 7.8 Denali, Alaska, 
earthquake on 3 November 2002. The Denali 
hquake triggered the Cascadia tremor 
roughly 3 months before the predicted tremor 
episode in February 2003, Surface waves 
from Denali caused a spike in shear stress on 
the subduction interface at Cascadia (14), 
much higher than the stress from tides (3), 
This implies that tremor ean be induced at 
arbitrary times during the seismic cycle as 
Jong as the perturbation amplitude is suffi- 
cient and its orientation is favorable to shear 
failure. Laboratory observations of triggered 
frictional stick-slip corroborate the idea that 
anger-amplitude perturbations are needed to 
trigger failure earlier in the seismic cycle 
(18), In addition, both laboratory experi- 
iments and earthquake studies suggest that a 
complex combination of amplitude and fre- 
queney of dynamic stressing determines the 
triggering threshold (9). 

‘The mechanism of nonvoleanic tremor is 
poorly understood. Before the work of 
Gomberg et al., all studies except one (9) 
have observed tremor where tectonic plates 
are subducting. As a result, explanations have 
focused on fluid migration and thermal 
release of volatile elements in subduction 
zones, The discovery by Gomberg et al. that 
surface waves from the Denali earthquake 
triggered tremor in multiple locations along 
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Tides and temblors trigger tremor. Volcanic earth tremor & often 
generated by movement of magma. Nonvolcanic remor may repre- 
‘sent swarms of small slip patches (red shaded regions) that radiate 
‘only low-frequency energy. Rubinstein etal. and Gomberg et al 
show that periodic stress caused by tides and remote seismic aciv- 
ity can increase nonvolcanic tremor. The patches may then coalesce 
(dashed line) to produce large earthquakes. 


the North America-Pacific plate boundary in 
California suggests that these may not be the 
‘only viable mechanisms. Theoretical studies 
based on laboratory data suggest that tran- 
sient ascismic slip can arise spontaneously 
given the right fault rheology (20). This see- 
nario is consistent with recent studies in 
Japan (/0-12) suggesting that nonvoleanic 
tremor arises from shear failure on quasi- 
dynamic slip patches that radiate low-fre- 
‘quency seismic energy. Shelly et a/. (2) 
show that tremor can be explained as a swarm 
of slow, low-frequency earthquakes. Thus, a 
central remaining question is: What causes, 
slow fault slip? Special conditions appear to 
be necessary to limit acceleration during 
shear instability (2/), yet seismic obser- 
vations of slow and silent earthquakes indi- 
cate that this mode of deformation is wide- 
spread (22, 23). 

Tremor may provide clues about the onset 
of earthquake rupture. All earthquakes are 
thought to nucleate as small patches of unsta- 
ble slip. with some events becoming large 
‘earthquakes given the right combination of 
‘energy release and spatial homogeneity of 
fault strength. Tremor may represent slip on 
a series of subcritical fault patches that radi- 
ate low-frequency energy (see the figure), 
reflecting slip acceleration before reaching a 
critical size associated with fully unstable 
behavior and high-frequency seismic radia- 
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tion. This idea is consistent with results from 
studies of small earthquakes, which docu- 
ment the acceleration of rupture velocity and 
the resulting initiation of high-frequency 
energy radiation associated with fast earth- 
quake rupture (24, 25), 

The studies by Rubinstein er al, and 
Gomberg et al. can guide future efforts 10 
characterize nonvolcanic tremor, both in 
terms of observations and through laboratory 
experiments, For example, how widespread is 
the occurrence of tremor far from subd 
zones? Is nonvolcanic tremor triggered by 
small earthquakes or vice-versa’? What is the 
recipe for triggering tremor via stress trin- 
sients (ie., what roles do amplitud 
‘queney, time during the seismic eyele, or ori- 
‘entation of the remote perturbation play’)? 
How do tremor, earthquakes, low-frequency 
seismicity, and aseismic slip interact in time 
and space’? Earth tremor represents one of a 
\wide spectrum of behaviors ranging from 
aseismic fault creep to ordinary fast earth- 
quakes. Future geodetic and seismic net- 
\works should help us learn much more about 
these phenomena, 
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CHEMISTRY 


Not So Simple 


John |. Brauman 


he details of molecular trans- 
T formations are often referred 
toas chemical reaction mecha- 
nisms, These mechanisms can be 
characterized in terms of the number 
of molecules involved, geometric and 
structural features (including stereo- 
chemistry), the presence or absence of 
imtermediates, and the timing of indi- 
Vidual steps. Knowledge of mech: 
nism is critical for predicting how 
‘molecules may react and for inventing 
or developing new reactions, On page 
183 of this issue, Mikosch eral. (I) 
reveal details of the timing, structural 
changes, and energy exchange in a 
paradigmatic reaction: the displ 
‘ment reaction Cr-+CH,|—+CH,Cl 
+ I>. The work elegantly combines 
experiment and theory. 

‘The reaction studied by the authors 
isa simple example ofa nucleophilic 
displacement (S,2) reaction, which has 
an exceptional place in organic chem- 
istry because of its apparent simplicity 
and its utility. In this 
nucleophile X~ reacts with RY, which 
iny of a wide variety of organic 


Energy 


The S.2 reaction is sensitive to the condi- 
tions under which itis carried out (2), such as 
‘whether it is performed in solution or in the gas 
phase (see the figure). Bec: 
reaction occursat low pressure, there isenough 
energy to cross the reaction barrier. The solu- 
tion reaction is much slower, because the reac: 
tants are stabilized by solvation more than the 
transition state is; only a small fraction of the 
reactants has enough energy to proceed to 
products at any given time (3). 

Mikosch et al now use molecular beams to 
provide detaited analysis of this reaction inthe 
gas phase. In these experiments, the tempera- 
ture and collision velocity ofthe reacting mole 
caules can be controlled separately. The direc: 
tional distribution and velocity of the products 
reveals much about the times involved in the 
reaction and—from considerations of conser- 
vation of energy—the distribution of energy in 


‘The author i in the Department of Chemistry, Stanford 
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Gas phase 


Reaction coordinate 


Images and insights. The ability to image the dynamics of ion-molecule 
reactions in the gas phase allows new insights into the details ofa classic 
‘organic chemical reaction, 3 reported by Mikosch eto inthis issue, 


the products as kinetic enengy or internal 
(vibrational) energy. Revent advances in detec- 
tion allow the data to be accumulated and 
displayed as images that reflect the relative 
‘amounts of product produced at each energy in 
every direction (4), This technique has been 
used to study reactions of neutral molecules 


(5, 6). The authors now apply itt reactions of 


ions with molecules. 
The details of solution reactions are often 
inferred rather than directly observed, because 
collisions with solvent control the trajectories 
of the molecules so that the behavior of the ii 
tially formed products cannot be determined. 
In the current case, the solution reaction is 
essentially a simple, one-step process in which 
the nucleophile attacks the neutral substrate 
from the back side and gives a product with 
stereochemical inversion of configuration rela- 
tiveto the starting material. Molecular dynam- 
ics simulations show, however. that interactions 
with solvent can cause products to return to 
reactants and cross back and forth many times 
before finally completing the reaction (7), 
Mikosch ef al. now provide considerable 
detail about the reaction in the gas phase. At 


oer 


A molecular-beam study of a classic organic 
reaction shows that its mechanism is more 
complex than previously assumed. 


low collision energy 
‘ucts are distributed 
is, equally probable in all directions- 
showing that intermediate X“+RY 
complexes persist long enough to 
undergo many rotations. 

At higher collision energies, a new 
mechanism appears: The I departs 
directly along the axis from which the 
CF emters, and most of the energy i 
retained as kinetic energy in the 
product, In this eaction, the 
complexes do not last long enough to 
rotate before the reaction occurs. 
Depending on the collision energy, the 
original process and the new processes 
compete, with the direct reaction 
becoming increasingly important as 
the collision energy is increased. 

Direct dynamies trajectory sin 
tionsalso reported by Mikosch eral, are 
consistent with the experiments in 
terms of energetics, but also. show 
important details that the experiments 
do not completely reveal. At even 
higher collision energy, the indirect 
reaction reappears, but with an unex- 
pected twist The incoming CF collides 
‘with and inducesa rotation of CHI followed by 
trackside attack and displacement, This process 
‘can involve multiple rotations ofthe CHL anda 
small fraction of the trajectories show transient 
‘rapping in the postreaction complex. The study 
by Mikosch el. illustrates the exceptional 
insights into details of reaction dynamics that 
can be obtained with molecular beams, As 
‘more reactions are studied with this technique, 
it should become possible to generalize and 
‘make predictions prior to detailed experiments 
‘or calculations, 
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Climate Change, Deforestation, and 
the Fate of the Amazon 


Yadvinder Mathi,™* }. Timmons Roberts, Richard A. Betts,? Timothy }. Killeen,* 


Wenhong Li,” Carlos A. Nobre® 


The forest biome of Amazoni 


fone of Earth’s greatest biological treasures and a major 


‘component of the Earth system. This century, it faces the dual threats of deforestation and stress 
from climate change. Here, we summarize some of the latest findings and thinking on these 

threats, explore the consequences for the forest ecosystem and its human residents, and outline 
‘options for the future of Amazonia. We also discuss the implications of new proposals to finance 


preservation of Amazonian forests. 


he forests of Amazonia (1) covered about 
| 4 million km? in 2001, approximately 
87% of their original extent (2), with 62% 
in Bru, They host pethaps a quarter of the 
work!’s terestial species (3) and account for 
about 15% of wlobal terrestrial photosynthesis 
(4), Evaporation and condensation over Amonia 
are engines of the global atmospheric cir 
culation, having dow 
on across South 
across the Northem Hemisphere (5, 6). Amazo- 
nian forests have been an important and con- 
tinuous part of Earth system functioning since 
the Cretaceous (7), 
By 2001, about 837,000 kin? of Amazonian 
ests had bon cleared (2), with 1950s gross 
rates of ~25,000 km? year"! (8). Clearance is 
‘concentrated in the “are of deforestation” on the 
southern and eastem margins, driven primarily 
by expansion of cattle and soybean production, 
and along the Andean piedmont. Amazonia ies 
inside nine nations, but 80% of defarestation has 
boon in Brazil (2) and 70% of that is provoked 
by cattle ranching. From 1988 to 2006, deforest- 
ation rates in Brazilian Amazonia averaged 18,100 
km? year"', recently reaching 27.400 km? year" 
in 2004, Brazilian deforestation rates had more 
than halved by 2007 to ~11,000 km? year" because 
‘ofa combination of filling prices for soy increased 
strength of the Brazilian currency, and active 
Brazilian goverment intervention (9), Roughly 
{6% of deforested land has remained in cropland, 
(62% in pastures, andl 32% in regrow! 
tion (10), The overall direst footprint 
activity in Amazonia fs much greater than defor 
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station alone and includes To hunting, and 
fire leakage (see supporting online tex), 


Global Drivers of Amazonian 

Climate Change 

In revent decades, the rate of warming in Ama- 
zonia (71) has been about 025°C decade! 
Under midrange greenhouse 
narios, temperatures are projected 10 rise 3.3°C 
(range 1.8 to $.1°C) this century, slightly more 
in the imerior in the dry season (/2), or by up to 
8°C if substantial forest dichack affects regional 
biophysical properties (7.3). At the end of the 
last glacial period, Amazonia warmed (/4) at 
only ~0.1°C century” 

Changes in precipitation, particularly in the 
dry season, are probably the most critical deter 
‘inant of the climatic fate of the Amazon. There 
has been a drying wend in norhers Amazonia 
since the mid-1970s and no consistent multi 
decadal trend in the south (/5}, but some global 
climate models (GCMs) project significant 
Amazonian drying over the 21st century. Pacific 
‘sea surfice temperature (SST) variation, dominates 
by the El Nifio- Southem Oscillation (ENSO), is 
particularly important for wet-season rainfall: 
EI Niflo events (warm eastem Pacific) suppress 
convection in northem and castem Amazonia. 
However, dry-season rainfall is stongly influ- 
cencad by the tropical Atlantic north-south SST 
i: intensification of the gradient (wan 


the Intertropical Convensence Z: 
(interannual time scales) and strengthens the 
Hadley Cell circulation (longer time scales), en- 
hancing the duration and intensity of the dry 
‘season in much of southem and eastem Amazonia 
(26), as occurred in 2005. Inerannual variability in 
the Atlantic gradient i influenced by remote fo 
ing such as ENSO and the North Atlantic Os 
cillation, as well as by variations i evaporation 
induced by strengthening weakening of the local 
trade winds (J7). On longer time seas, the Atlan 
lic SST gradient may be strengthened by changes 
in the noth Atlantic, such as changes of the ther- 
mohaline circulation driven by subpolar melting 
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(U8), or a warmer north Atlantic associated with 
warmer northem hemisphere continents. 


Forest Influences on Regional and 
Global Climate 
Amazonian forests have a substantial influence 
‘on regional and global climates, Hence, their 
‘removal by deforestation can itself be a driver of 
climate change and a positive feedback on ex- 
temally forced climate change. They store 120 
30 Pg C in biomass carbon (19), of which 0.5 
Pg C year ' (0.3 to 1.1) were released through 
deforestation in the 1990s (/0). Similar or greater 
amounts may be held in soil carbon, but these 
are les vulnerable 10 loss afler deforestation 
(20), In addition, forest plot studies sugwest 
intact forests area carbon sink (-0.6 Pg C yea 
2), particularly in more fertile westem Ama- 
zania. The existence of this sink is debated (22) 
but is strongly supported by a recent reovalua- 
tion of global sources and sinks of atmospheric 
carbon dioxide (23), It may be driven by en- 
hanced productivity associated with CO, feriF 
ization, changes in light regime, or other factors 
not yet identified (24), 

‘The extraction of soil water by tree roots up 
to 10 m doxp, and its retum to the atmosphere (a 
“transpiration service”), is perhaps the most im- 
portant regional ecosystem service, Basin-wide, 
25 10 SO" of rainfall is recycled from forests 
(25), but this effect is particularly important in 
regions where most precipitation is derived from 
Jocal convection (soe below), Moderate and lo- 
calized deforestation may locally enhance con- 
ection and rainfall, but lange-seale forest loss 
tends to reduce minfll (26), the magnitude of 
reduction being dependent on how regional eit 
‘culation of simospheric moisture is affected. Some 
model stiles suggest that the regional forest 
climate system may have two stable states: Re 
moval of 30 404% of the forest could push much 
‘of Amuonia into a permanently dier ci 
ime (27), Dry season rainfall, the most critica 
for determining vegetation pattems is mone oti 
driven by locally yenerated convection and may 
be more strongly aflected by deforestation, 

Loss of forest also results in (i) dec 
cloudiness and increased insolation, (i) incr 
Jand surface reflectance, approximately offtting 
the cloud effect (28), (ii) changes in the aerosol 
Joading of theatmosphere froma hyperctean “green 
‘ocean atmasphere 1 a smoky and! dusty con- 
tinental atmosphere that ean modify rainfall pat- 
tems (29), and (iv) changes in surface roughness 
{and hence wind spoeds) and the lange-scale con- 
vergence of atmespheric moisture that generates 
precipitation (13). 


Risks of Amazon Forest Loss Due to 

Global Climate Change 

Risks of a drving climate. The climate models 
‘employed in the 2007 Intergovernmental Pane! 
‘on Climate Change (IPCC) Fourth Assessment 
Repo (/2) show no consistent trend in annual, 
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Amazon-wide rainfall over the 21% century, but 
4 tendency to less dry season rain in the east 
and more rain in the west and in the wet season 
(Fig. 1), Taking the ensemble of 23 IPCC mod 
cls as a crude metric of probabilities, some inten- 
cation of dry seasons is about 80% probable 
in the southeast Amazon and Guyanas, 70% in 
the east, 60% in the center, and 30% in the west 
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capture key clments of Amazonian climate 
variability is needed. When the effects of rising 
temperatures on evapotranspiration are included, 
almost all models indicate increasing seasonal 
‘water deficit in eastem Amazonia (30), This 
drying is exacerbated by ecosystem feedbacks 
such as forest dic-back and reduced transpiration, 
in remaining forests (13). 
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Fig. 1. A metric ofthe probability of enhanced drought in Amazonia: the proportion of 23 climate 
imadels that show a decline in rainfall between 1980 to 1999 and 2080 to 2099 under midrange 
(A1B) global greenhouse gas emissions scenarios. (A) Any dectine (rainfall decline > 0%); (B) 
‘substantial decline (rainfall decline > 20%); (C) severe decline (rainfall decline > 50%). Dry 


season 


infall is particularly important. Left column: December-January-February (dry season in 


north); right column: June-July-August (dry season in central and southern Amazonia). 


(Fig. 1A), The probabilities of more substantial 
decline are slightly lower: 70% in the southeast, 
{60% in the Guyana, $0% in the eas, 40% in the 
‘conte, and 20% in the west. The probabilities of 
severe decline in dry season rainfall are SOP in 
the southeast, 30% in the Guyanas and east, and 
10% in the center and west. This metic is not 
ideal, as models may share systematic biases and 
in their ability to represent curent Amaz0- 
nian climates: further, most underestimate eurent 
Amazonian rainfall and most do not incorporate 
the climatic feedbacks fo forest loss. Therefor, 
4 more careful evaluation of mode! ability to 
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The zone of highest drought risk (south- 
east and east) is also the zone of most active 
deforestation (Fig. 2). Deforestation-driven 
changes in precipitation may be strongest in 
the eastem dry corridor, 700 km inland from 
the coast, where geographical positioning re- 
sults in ocean-generated squall lines passing 
through the region at night and being unable 
to trigger much rainfall (3/), leaving a greater 
fraction of precipitation generated locally. This 
area includes important agricultural and ranch- 
ing ffontiers that are experiencing high levels of 
deforestation. 


In contrast, the northwestem Amazon is least 
likely to experience major drought. The high 
precipitation inthis region is controlled by mois- 
ture convergence forced by the Andes, although 
it may be Vulnerable to reduced precipitation re- 
eycling upwind in eastem Amazonia. This re 
son hosts the highest biodiversity and fas been 
Jeast afocted by historical climate variability and 
land use 

‘The Andean flank of the Amazon hus excep 
tional rites of biodiversity. adjoins the mast bio- 
diverse regions of lowland Amazonia, and also 
hosts a number of orographic wet spots in other- 
‘wise dry areas (32), As conditions warmed at the 
nd of the last ioe ae, the Andes acted as refinin 
for many “lowland” (now exclusively Andean) 
tice species that were illadapted to warming 
temperatures (33), Andean ecosystems have 
their own form of vulnerability, however: The 
cloud forests between 1500 and 3000 m eleva- 
tion are susceptible to drying as cloud levels rise 
in the face of warming temperatures (34), and 
er elevation restricted endemies would be 
paicularly vulnerable 

Resilience of Amazonian forest ecosystems 
of Amazonian forest processes 
has greatly advanced through the recent Large- 
Scale Biosphere-Atmosphere program in. Amit- 
zonia (LBA) (35), There is mounting evidene 
ial drought experiments (36), flux 
towers, and satellite remote sensing of forest 
greenness (37) that intact Amazonian forests 
are more resilient (although not invulnerable) 
to climatic drying than is currently represented 
in Vegetation-climate models, First, dry season 
‘water supply is greatly enhanced by r00t sys 
tems accessing deep soil water and redistibut- 
ing it into the surface soil through the process of 
hydraulic if, enabling the whole forest eco- 
system to maintain high transpiration and photo- 
synthesis rates (38), Second, plant acclimation 
to higher temperatures. may limit detrimental 
effects below 45°C [when proteins bein 10 de- 
nature (3%), although selective advantage by 
favored species may cause changes in commu 
nity composition, as eccurted at the last glacial 
interglacial transition (33). Finally, rising COz 
may improve plant water use efficiencies and 
ofbet the negative transpiration effects of rising 
temperatures. Southem Amamonia was consid- 
rably drier as recently as the early-mid Holo- 
ccene, yet the region seems to have remained 
langely forested (23). 


The Interaction Between Human 
Pressures and Forest Resilience 
‘The speed and magnitude of current human pres 


sures on forests are affecting forest resilience. 
Forests close to edges are vulnerable to elevated! 
dessication, twee mortality (40), and fire impocts, 
Rain forests may become seasonally flammable 
in dry years, but without anthropogenic ignition 


been a weak evolutionary selective force, and 
as a result many tree species lack adaptations 
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that allow them to survive even low-intensity 
fires (42). 

Fire use for land management is nearly 
ubiquitous in ruml Amazonia. About 28% of 
the Brazilian Amazon faces incipient fire pres- 
sure, being within 10 km of a fire source (42), 
Logging and forest fragmentation also increase 
the flammability of foress by providing substan- 


(2, 46, 47). Existing pressures might be exac- 
cerbated by accelerating workdwide demand for 
biofuels. Curent plans for infastructure expan- 
sion and integration could reduce forest cover 
from $4 million km (2001, 87% of original 
‘area) to 3.2 million kro? (33%) by 2050 (2) (Fig. 
2A). This exceeds the likely threshold for rain- 
fall maintenance and would emit 32 = 8 Pg of 


Fig. 2. The potential overlap between deforestation and climate change. Potential loss in forest cover (brown) by 
2050 under (A) business as usual and (B) increased governance scenarios [derived from (2)], superimposed on the 
probability of substantial drought, which is defined as a >20% reduction in dry-season rainfall by the late 21st 
‘century, a5 shown in Figure 1B. The dry season is defined as from December to February (south of the equator) and 
from June to August (north of the equator). Precipitation scenarios are from mid-range (A18) global greenhouse gas. 
‘emissions scenarios, from the 21 climate models employed in IPCC Fourth Assessment Report [extracted and 


ified from (15)]. 


tial combustion material, opening up the canopy 
and drying the understory and liter layer and 
greatly increasing the amount of dry fireprone 
forest edge. This synergism between fiagmenta- 
tion and fire is becoming increasingly important, 
with 20,000 10 $0,000 km? of new forest edge 
being created annually in Brwilian Amazonia 
alone (43). Once bumt, a forest becomes more 
vulnerable to further bums (44), loses many pri- 
mary forest species, and decreases sharply in 
biomass (42. A tipping point may be reached 
when grasses can establish in the forest under 
story, providing a renewable source of fac for 
repeated bums. 

In scenarios of increased drying, it is pos- 
sible to see this logging, fragmentation, dessi- 
cation, and repeated buming as a likely fite for 
many of Amaaonia’s forests. The 2005 drought 
provides evidence of this in southwest Amazonia: 
Remote forests remained fairly unaflected, but 
there Was substantial penetration of fires from: 
suricural arwas into surrounding, temporaniy 
flammable forests (45). 

Despite the very recent slowdown in defor 
station rates, there is potential for extensive 
deforestation in Amazonia, as more roads (both 
and unplanned) are built through its core 
and connect across to Pacific ports and as inter 
national demand for tropical timber, soybeans, 
and free-range beef continues to grow, particu- 
larly from rapidly expanding Asian economics 
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carbon, Deforestation will be more concentrated 
in the south and east, with >SO% forest ls, and 
along the Andean piedmont, isolating the warm- 
ing lowlands from potential biotic refages in the 
‘cooler mountains (46). In this scenario, the north- 
western Amazon is protected by its remoteness 
and wetness, but longer term, this region is also 
Vulnerable to hydrocarbon exploration and oie 
‘palm plantations that are suitable for wet cli- 
mates and acidic soils and have already replaced 
many of Asia’s tropical rainforests (46). Drying 
‘of Amazonia, whether caused by local or global 
drivers, could greatly expand the area suitable 
for soy. cathe, and sugarcane, accelerating forest 
disappearance, 


Planning for Climate Change 

‘The probability of substantially enhanced drought 
(Fig. 1B) under mid-range greenhouse gas emis- 
sions scenarios ranges from >60"% in the south- 
east 10 <20% in the west. The severity of this 
potential threat merits planning for development, 
‘conservation, and adaptation in all regions. Even 
if the drought does not come, a well-conceived 
and implemented plan will have built resilience 
into the Amazon social ccological system. 

Iris almost inevitable that substantial further 
conversion of forest into agricultural and pasture 
lands will occur as part of the economic devel- 
opment of Amazonian countries (2, 46). The 
danger is that degradation of ecasystem services 
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could push some subregions into a permanent 
ly drier climate regime and vreatly weaken the 
resilience of the entire region to possible larze- 
scale drought driven by SST changes. Hence, 
the challenge is to manage the economic devel- 
‘opment of Amazonia so that it occurs where ap 
Dropriate and sustainable, in a way that maintains 
the inherent climatic resifionce that the int 
forest provides. Simultancously, this 
woul! preserve the region's carbon 
store and sink and its exceptional 
biodiversity, contributing both toward 
mitigating global waning and assist- 
ing that biodiversity to adapt to cli- 
mate change. 

Key aspects of such a plan for 
Amazonia could include 

(i) Keeping the total extent of 
deforestation safely below possible 
climatic threshold values (about 30 
to 40% cleaned) in a matriy that in- 
cludes large protected areas with 
limited fragmentation and managed 
landscapes: that_ maintain, sufficient 
forest cover and landscape connectiv= 
ity to preserve species migration cor 
ridors and forest ranspiration services 

(ii) Controlling fire use through 
both education and regulation, prob- 
ably for net economic benelit, 

iii) Maintaining broad species 
migration corridors in ecotonal areas 
that are most likely 10 show early sig 
nals of climate impacts, such as those 
between forest and savanna, between lowlands 
and the Bravitian and Guyana shield uplands, 
between the Andean piedmont and montane 
forest, and between montane forest and highland 
Andean grasslands, 

(iv) Conserving river corridors to act as hue 
‘mid refugia and migration corridors for terres- 
trial ecosystems and as sedimentation butlers 
and refugia for aquatic systems. Many of the 
southern tributaries of the Amazon river run 
from dry fringes to the wet core and could assist 
the migration of wet-adapted species, 

(¥) Keeping the core northwest Amazon 
largely intact as a biological refuge that hosts 
the highest biodiversity and is the least vulner= 
able to climatic drying 

Js such a plan feasible? With the expansion of 
protected areas and effective legal enforcement 
‘of private land use, the projections of loss of 47% 
‘of original forest area by 2050 could be reduced to 
2% loss (2), avoiding ~17 PeC emissions (Fig. 
2B), Recent developments sugvest that such good 
sgwverance is achievable, Detils of the role that 
can be played by protected areas, indigenous peo 
pis, semaholders, agsoindustries, and zovemments 
are discussed in the supporting online text, 


Financing a Climate-Resilience 
Plan for Amazonia 

A plan for keeping Amavonia from ecological 
and climatic decline faces several challenges: 
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thedrive of globalizing market forces, insufficient 
financial resources, provision of open access 10 
infomation, limited technical and. govemance 
capacity, and inetlective enforcement of nike of 
lav. In particular, new financial incentives are 
rieeded to act as a countervailing foree to the 
economic pressures for deforestation, 

Such incentives are now a serious possibility 
through the international markets in carbon 
spawned by the Kyoto Protocol, such as the 
European Union's Emissions Traine System. 
The recently agreed-upon “Bali Roadmap” for 
extension of the Kyoto Protocol beyond 2012 
includes plans for rainforest nations to be paid 
reducing emissions fiom deforestation and 
degradation (REDD), cither through intemational 
carbon. markets or a vohuntary fund (48-50), 
Tropical forest carbon credits have particular 
Value within a climate mitigation strategy because 
they bring additional dircct climatic services 
[cloud formation and precipitation, local cooing 
by evapotranspiration (28)}, as well as other coo 
system services such as biodiversity conservation, 
Watershed protection, and pollination. 

‘These plans have the potential w shift the 
balance of underlying economic market forces 
that currently favor deforestation (45) by raising 
billions of dollars for the ecosystem services 
provided by rainforest regions but will requine 
exceptional planning, execution, and long-term 
follow-through, Such resources could support 
the expansion of capacity in forest monitoring 
(cat, fively available satellite-based monitoring. 
as already achieved by Brazil) and improved 
governance and rufe-oflaw in frontier regions, 
but in particular would need to ensure that they 
bring benefits and incentives (€, improved social 
services like health and education) to the individ 
als andl groups making decisions about Aman 
and use on a dily basis, be they indigenous peo 
piles, rural subsistence dwellers, smallholder mi- 
grants, oF lange private andbolders, 

‘The interaction between global climate change 
and regional deforestation may make Amazonian 
forests vulnerable to large-scale degradation. 
Ironically, it is also this linkage between the 
_elobal (carbon sequestering) ecosystem service, 
for Which the world may be more willing top 
and regional (transpiration) services that maintain 
the region's cfimiate that provides an opportunity 
to sustain the climatic resilience of Amazonia 
While contributing toward its conservation and 
development, 
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The next few years represent a unique op- 
portunity, perhaps the last, to maintain the rei 
ience, biodiverity, and coosystem services of 
Amazonia in the face of a medium threat of 
Significant drying and a high threat of significant 
<eforesation. The best climate, ecokosical, eco- 
nomic, and social science will be nooded 10 de- 
velop, impkment, and monitor eflective policy 
responses for securing the region's figure. The 
other key requirement is political will tthe local, 
national, and intcmational eve, 
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Widespread Triggering of 
Nonvolcanic Tremor in California 


Joan Gomberg,** Justin L. Rubinstein,” Zhigang Peng,? Kenneth C. Creager,? 


John E. Vidale,? Paul Bodin® 


yemor away fiom volcanoes (/), teat 
| nonvoleanic temo, reflects a fauk slip o> 
tgime different than that of carthquakes. 
Relative to radon fiom canhquakes, tremor sige 
nals have longer durations, have fewer oF 0 a 
wave onsets and are do- 
ptcd in high froquon- 
‘ees. Tremor has alent 
exehisively been found 
in subduction zones: 
‘Cascadia, southwestem 
Japan, Mexico, Cost 
Rica, and Alas there 
is only one study docu- 
menting tremor outside 
4 subgltion-dosninated 
region, an the stikeip 


San Andreas Fault in 
Parktickl, California (2), 
In Japan and Crscadia, 


nonvoleanie tremor his 
been shown 9 occur 
‘concurrently with sip- 
Paige across the interfice 
between  subdueting 
and overlying plates, 
both lasting: for days 
to months (3), The 
pace and amount of 
slip are much smuer 
than thowe during earth- 
‘quakes that rupture com 
Prrably sid fl eas, 
and thus these slow 
events rats Hes sei 
nic energy. The phys 
fea eatin between the 
slow slip and tremor 
‘generation remains speo- 
Ultive, Recent studies 
in subduction zones 
have identifi! short bursts of tremor with the same 
mesurable characteristics as those associated with 
slow slip, but triggered by the strong shaking of 
clstant earthquakes (4) Because nonvolcanic tremor 
is preferentially observed in subduction zones, 
nearly all causative mechanisms proposal appeal 
to conditions expected in them. We show that the 
‘conditions required for its generation must exis in a 
Wider variety of tectonic environments by present 
ing observations of nonvoleanic tremor at seven 
sites along the transform plate boundary in Cali- 
fiomia triggered by the 2002 7.8 moment mag- 
nitude Denali Faull, Alaska, earthquake. 
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We examined all avaible recontings of the 
Denali cathguake wanes from seismic stations in 
California, We identified triggered nonv okanic 
tremor as high frequency ( 


Fig. 2. Map of the locations of tremor sources [ars (5), stations that recorded 
signals from each tremor source (viangles color coded to the respective sources 
Se legend, stations that showed no tremor (dark blue triangles), and major fats 
(Wack lines). (insets) Examples of the tremor signals associated with four regions 
where single tremor sources are identified. The Denali surface waves have been 
fitered out to highlight the tremor (black seismograms), and colored traces show 
the transverse component of the surface waves from Denali at one unfitered 
‘broadband station in each region, noting that the amplitudes on the radial and 
vertial components do not diflersigifcanty. Depending on the tremor ste, we 
‘observed tremor triggering by both Love and Rayfeigh waves. The lat large bursts 
in the Hemet and Napa Valley signals are characteristic of nearby earthquakes. 
ach seismogram has been scaled to make the tremor easily identifiable, times are 
referenced to the Denali earthquake origin time, and recoding stations ae labeled, 


of the pusing surfice wanes. This cneny is net 
associated with nearby canhouakes or with the 
Demi canhqunke itself, We identified tremor fom 
seven sources that we located by using tremor en- 
Yelopes as input 10 a gridscarch algorithm (5) 
Thee keations range ffom the dese southeast of 
Los Angeles to Napa Valley in the noah (Fig. 1) 
Atough the observed temor busts syun a 
Jnng: tansext of Califia ive sources beste clase 
to or on dominant strike-slip faus: the San Andreas, 
the San Jaci, and the Calaveras faults. The Simi 
Valley and Napa Valley sources are likely on mone 
miner fuls Som maxkls of tremor asociaied 
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\ith slow aseismic slip in subduction zones invoke 
fictional behaviors expected in regions transtional 
between whe the faut is locked and eanhquakes 
‘occur and where its slipping freely below (6). Such 
trarsition aames abo must exist at shallow depshs 
both below the top few km of fault seyments 
known to erexp continuously and kterally betwoon 
Jockod segments and thase that creep far mest oral 
‘of their depth, The distribution of these various be- 
haviors is known for most faults in California 
However, we find no clear comelation between 
here the faults are erexping, locked, or transi- 
tional and where tremor occurs 
Many studics have speculated thit aseismic slip 
‘and tremor ae related t0 the release of Huds from 
<dliydation of the subducting plate (1), Given this 
expevied comelation between uids and nonvol 
sani treme, we examined the data fromm stations 
hose 10 the Coso and Geysers geoshermal fields 
We iontifcd signals of many triggered earthquakes, 
fut no tremor was apparent. These findings agree 
With previous work on triggered earthquakes at 
these sites and atthe hydrothermal regions in Long 
Valley Caldera and Mammoth Mountain (7). The 
in these geothermal 1e- 
h hud pressure 
peratures, athouh they may be necessary, are not 
alone sufficient to produce tremor 
In intepreting our results it i important to note 
whore We found triggered tremor as well where 
we did not The paucity of triggered tremor in y= 
othe regions ana its lack of comebtion ith 
Focal, ambient slip behavior suggest that very spo> 
cific conditions (eg, temperature, pressure, thi 
content, anal ffkctional propertics) contol where 
‘nemnor and eathquakes eceur. The wide geographic 
extent of the wiggored tremor indicates that it is 
meee commen than previously recognized and that 
the necewsiry conditions exist in a wide range of 
‘ectonic environments, 
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Stellar Feedback in Dwarf 


174 


Galaxy Formation 


Sergey Mashchenko,” James Wadsley, H. M. P. Couchman 


Dwarf galaxies pose substantial challenges for cosmological models. In particular, current models 
predict a dark-matter density that is divergent at the center, which i in sharp contrast with observations 
that indicate a core of roughly constant density. Energy feedback, from supernova explosions 

and stellar winds, has been proposed as a major factor shaping the evolution of dwarf galaxies. We 
present detailed cosmological simulations with sufficient resolution both to model the relevant physical 
processes and to directly assess the impact of stellar feedback on observable properties of dwarf 
‘galaxies. We show that feedback drives large-scale, bulk motions of the interstellar gas, resulting in 
Substantial gravitational potential fluctuations and a consequent reduction in the central matter density, 
bringing the theoretical predictions in agreement with observations. 


Warf galaxies are the most common gal- 
D* type (2). In the hierarchical picture 

‘of cosinie structure formation, dwarf galk 
axies firm fir, later becoming building blocks 
for lager galavies, Thanks to their proximity in 
the local universe (around 18 galaxies are located 
within 300 kpe of the Sun}, several of these gal 


axies have been studiod in detail. Accurate mox- 
cling of the mass distribution, based on the 
observed line-of-sight velocities for hundreds of 


stars, has revealed features that pose severe chal- 
lenges tor the standard cosmological model It 
appears, for example, thatthe distribution of dark 
matter (which is the dominant mass component 
‘of these galaxies) is of almost constant density 
ina central region that is comparable in size to 
the stellar body of the galaxy (2-6). In the best- 
studied systems, Formas and Urst Minor, the 
radi of this gion is ~ 400 andl ~ 300 pe, respec 
tively (6), This core is at odds with existing cos 
nological models, which reliably predict the 
dark: matter to have a divergent density (a cusp) 
at the galactic center (7). Some dwarf spheroidal 
ualaxies also exhibit radial gradients in the stel- 
lar population, with stars more deficient in heavy 
‘elements (and therefore presumed older) having 
‘a more extended distribution and being kinemat- 
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ally warmer than more metal-rich stars (8, 9). 
Fuher, the presence of globular clusters in many 
dwarfs is puzzling, because these massive, com- 
pact systems of many thousands of stars would 
have suffered gravitational drag as they moved 
through the dark-matier background of the 
galaxy halo, This dynamical fiiction would have 
caused the globular clusters to spiral into the 
galaxy center on time seales much shorter than 
the age of the galaxy [the Fomax dwarf sphe- 
roidal galaxy is notable in this regard (5), 
It is well established that massive stars i 
Jarge amounts of energy into the surrounding 
medium via stellar winds and supemova explo- 
sions, resulting in lae-scale (hundreds of pursocs 
in lange galaxies) random bulk motions of the in 
tersellar gas at close to sonic speeds (~ 10 kim 
for the typical gas temperature of 10° K) (0-12). 
The effect of such perturbations is lanser for dwarf 
ssalaxies, because they have lower gas pressure as 
a result of the Keser depth of their gravitational 
Potential wells. This stellar feedback has been in- 
voked to explain at Keast some of the puzzling 
Propentics of dwarf galaxies. In particular, there 
has been considerable debate as to whether or not 
such feedback can tum the theoretically predicted 
central dark-matter cusp into a core (/3-16). 
Previous theoretical work has included both 
noncosmological and cosmological modcling. 


models with detailed descriptions of relevant 
physical processes (/0, 17, 18) suffer from un- 


realistically symmetric initial conditions and a 
static description of the dark-matter potential, as 
\well as fiom the lack of gas aceretion from the 
ambient cosmic medium, Previous attempts at 
self-consistent hydrodynamic cosmological sim- 
ulations have tended 10 focus on the Formation 
‘of the very first small galaxy progenitors 9, 20) 
‘or on dwarf galaxy models without sufi 
resolution or the relevant physics to properly 
model star formation and feedback because of 
the substantia computational challenges involved 
in sel-consisert modeling (27, 22) 

Here we present the results of cosmological 
simulations of dwarf gakexy formation and evo 
lution that adequately resolve and model the 
processes of star formation and stellar feedback, 
In good agreement with our previous. semi- 
analytical results (/6), our self-consistent model 
demonstrates that, in small gakixies, random 
bulk gas motions driven by stellar feedback play 
4 enitcal role in detemnining the structure of the 
galactic center. The key result is the transfor: 
mation of the central density profile from a cusp 
to a large core. This is a consequence of reso- 
nant heating of dark matier in the fluctuating 
potential that results from the bulk gas motions. 
We also demonstrate that the same mechanism 
‘can exphiin other puzzling features of dwart 
galaxies, such as the stellar population gradients, 
Tow decay rte for globular cluster orbits, and 
the low central stellar density 

‘The simulations were nun with the cosmolog- 
ical parallel tree code Gasoline (23). This code 
represents dark and stellar matter as a collection 
‘of dark-matter and star particles and uses the 
smoothed paticle hydroxlynamics formats 10 
describe gas evolution, A. dtailed description of 
the code, including the prescriptions for star for= 
‘mation and supemova feedback, can be found in 
(24, 25), The very high resolution achieved in 
‘our models required the axkltion of 10 key 
features to the standard cosmological code. Fist, 
Jow-temperature (=10* K) radiative cooling from 
the dexcitation of fine structure and metastable 
lines of heavy elements was necessity 10 cot 
rectly model gas cooling in small galaxies (25), 
‘Second, because our mass resolution (=200 Ma) 
is sufficient to resolve individual supemova 
introduced an innovative, stochastic prescription 
for stellar feedback (25) 


Fig. 1. Zooirin images of the cen- 
tral part of the simulated forming 
dwarf galaxy at redshift 2 = 53. This 
time was chosen to illustate the 
very clumpy gas distribution after a 
star burst. Gas is shown in blue and 
stars are shown in red. (A) Global 
view. (B) View of the galaxy. (0 The 
central part of the galaxy. Several 
star clusters are visible in (Q, and 
the oldest (marked) has an age of 
200 My. 
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We created cosmological initial conditions 
With input constraints designed to proxluce a 
dwarf galaxy with total mass ~ 10” Mo at red 
shifl >= 6 within a bos of size 4 co-moving Mpe. 
A central, high-resolution sphere, with radius 
0.4 co-moving Mpc, was populated with as 
particles. The paticle masses inside the high- 
resolution sphere were 1900 Mg for dark matter 
and 370 Mg for gas. The mass of particles gen- 
crated {0 represent stars was ~ 120 Mg. At the 
end of the simulations, the total numbers of dark- 
matter, gas, and star particles were 1.1 = 107, 
4.5 © 109, and 4.5 10°, respectively. The wravita- 
tional softening length was held constant at 12 pe. 


Fig. 2. Evolution of the cen- 
tral quantities in the modet 
dwarf galaxy. (Top) Solid 
lines correspond to changes 
inthe dark-matter (black, 
‘925 (blue), and stellar (red 
masses enclosed within the 
«central 100 pe as a function 
‘of 2, The dashed blue line 
shows the evolution of the 
‘enclosed gas mass within the 
central 1.6 kpc (half the virial 
radius). (Bottom) Green and 
black ‘ines. show the evo- 
lution of the central dark- 
‘matter phase-space density, 
F, for the hydrodynamic and 
dark-matte-only simulations, 
respectively, We also show 
the evolution of the velocity 
anisotropy, 1, for the same 
dark-matter particles as were 
Used to calculate F (magenta 
line; horizontal. blackline 


log M (M,) 


Further model details, including the description 
‘of numerical convergence tess and ffee-paramcter 
studies, can be found in (25), 

‘Two primary simulations were run. The first 
‘one included all the key physical effects: gas 
dynamics, star formation, and stellar feedback, 
[This simulation was by far the mast computa- 
tionally expensive, consuming 6 * 10° central 
processing unit hours.] The second one was a 
<dark-matter-only control simulation. The simu- 
lations started 130 and ended at 

In the simulations, the matter distribution de- 
velops the classic weblike or filamentary struc- 
ture on large scales, with the most massive galaxy 


marks n = 0), Here, n » (0,2-02M(o,7+ 0), where a, and oj are, respectively, the one-dimensional 


radial and tangential velocity dispersions. 


Fig. 3. Evolution of the en- 
closed darkematter masses in 
the model galaxy at differ- 
‘ent radi. Dashed tines corre- 
‘spond to the dark-matter-only 
simulation, and. solid tines 
‘correspond to the hydody- 
namic simulation, 


log M (Mg) 
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forming around = = 10 atthe intersection of the 
major filaments near the center of the compu- 
tational box (Fig. 1). The evolution of the gal 
axy is relatively smooth (i.e, there are no major 
mergers) between == 8 and S, The star forma- 
tion in the dwarf galaxy is very “bursty.” with 
major star bursts repeating roughly every ~ 80 
million years (My), which is consistent with the 
rnoncasmological models of (0), Stars form 
predominantly in clusters, but many of them 
guickly disperse, Starting at = = 6.2, when the 
galctic stellar mass reaches ~ 107 Mg, clusters 
{at survive until the end of the simulation start 
to form, These long-lived clusters have broadly 
the same sizes (~ 10 pe, essentially unnsolved 
‘our simulations), masses (~ 10° Mg), and heavy- 
element abundance (~ 3% of that of the Sun) as 
lobular clusters observed in the local univers. In 
the Local Group, no old (early-type) dar with 
scllar mass <107 Me Inve globular clusters, 
‘whereas all brighter dwarfs (with the exception 
‘of M32, which is severely tially stripped by its 
host galaxy, M31) have globular clusters (/) 
This suggests that a galaxy has to be larg 
enough (>10" Mg in baryons) to produce glob- 
ular clusters, which is in good agreement with 
‘our simulations. 

Feedback fom the bursty and clustered star 
formation results in a dramatically perturbed in- 
terstellar gas distribution on large scales (hun- 
dreds of parsees) (Figs. | and 2 and movie 
This is consistemt with the observed (imegular) 
distribution of gas in dwarf galaxies (D), At high 
redshift, this feedback does not expel gas from 
the galaxy, in contrast to the maximum stellar 
feedback mechanism (4). Instead, supemova 
explosions compress gas into large shells and 
filaments, which are confined to the central part 
ofthe galaxy and move with speeds ~ 10 10 20 
km s "(which are comparable 10 the speals of 
dark-matier particles). We showed previously 
(Z6) that gas motion with these characteristics, 
results in efficient gravitational heating of the 
central dark matter and flatening of the cusp. 

The heating of dark matter in our moxel dart 
ssilayy is highly effective (Figs. 2 to 4), Whereas 
both density. p, and velocity dispersion, 0, of 
the particles are strongly affected by the variable 
content of gas and starsat the galactic center, the 
phase-space density, F = p’o°, is much less sensi- 
live to adiahatic compression of dark matter by 
‘baryons (Fig 2), In the dark-matir-only simula 
tion, F stays roughly constant, whereas inthe hy- 
sdrxlyramicsimubstion, F gradally decreases with 
time as the result of the stellar feedback and, at 
the end of the evolution, becomes 10 times as low 
28 the value for the dark-matter-only simulation 

The dark-matter density is strongly 
by the stellar feedback only in the central region 
of the galaxy (Fig. 3). This is the region in 
‘which the enclosed as mass occasionally domi- 
nates that of the dark matter and is where the 
gas is most strongly affected by the fecdback 
At the end of the hydrodynamic simulations, the 
ddark-matter density at the smallest resolved rie 
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ius becomes seven times as small as the density 
cobiained in the dark-matter-only simulations. 
‘Whereas the dwarf galaxy halo in the dark~ 
rmatteronly simulation develops a central cusp 
‘with logarithmic slope -0.95, which is con- 
sistent with previous predictions of the standant 
rmodel (7), in the hydrodynamic. simulations, 
resonant heating resulting from stellar feedback 
‘tums the cusp into @ lat core with radius 400 pe 
(Fig, 4) and average density 0.2 Mg pe™®. These 
core parameters are close to those inferred for 
Fomax: ~ 400 pe (6) and ~ 0.1 Me pe? (). 
respectively. The same mechanism produces 
core of somewhat smaller radius (~ 300 pee) in 
the distribution of stars and, notably, pushes 
newly formed globular clusters away from the 
galactic center, The four oldest globular chisters, 
for example, were bor with radial distance dis- 
persion 37 pe (essentially atthe galactic center), 
but after ~ 200 My of evolution, this distance 
had grown to a timeaveraged value of 280 pe 
(which is comparable to the stellar core radius) 
We suggest that resonant gravitational heating 
‘can at least partially explain why globular 
clusters in Fomax, and in some other dwarfs, 
located at lange distances from the galactic 
center (5). Two mechanisms contribute to the 
effect: (i) The feedback flatens the central cusp. 
which reduces the efficiency of dynamical 
friction in the central regions (3), and (i) stellar 
feeback would have continued 10 heat the glob 
lular cluster orbits until stars stopped forming, 
around 200 million years ago in Fomax (9). 
‘The distribution of velocities is isotropic with- 
in the core and shows slight nidial anisotropy 
‘outside the core (Fig. 4), whereas the core remains 
isotropic throughout the evolution (Fi. 2). This 
‘behavior is inconsistent with a mechanism (26) 
aking use of massive gas clouds prusively or 
biting (ic. not driven by feedbsick) near the 
izalactic center, which flatten the dark-mmatter cusp 
Via heating resulting fiom dynamical frietion. 
thas been shown (27) that this would result in 


the development of substantial tangential anisot- 
ropy within the core, which is not observed in 
‘our simulations. On the other hand, the gravita- 
tional resonance heating (/6) naturally proxtuces 
isotropic cores because the feedback-<driven bulk 
‘236 motions have random directions. 

These results also provide a natural explana- 
tion for the stellar population gradients seen in 
many early-type dwarfs (8, 9). In our simula- 
tions, star formation is concentrated toward the 
galactic center. Over time, feedback gradually 
heats the populstion of stars, resulting in older 
{and more metal-poor) stars being kinematically 
warmer and having a kanger spatial extent thant 
‘younger (and more metal-tich) stellar popula- 
tions. Hence, we can reproduce, qualitatively, 
the age, metallicity, and velocity-lispersion gra- 
dents observed in dwarf galaxies. 

(Our simulations were stopped at = = S, be- 
cause continuing beyond this point would re- 
quire a much larger computational box. (to 
ccomectly model the growth of larger structures) 
and an infeasible increase in computation time, 
Furthermore, the impact of extemal ionizing ra- 
dition, which was ignored in our model, can 
‘become substantial afer = = 6.5. Nevenckess, 
we can reasonably infer the subsequent evolu- 
tion of our model gakixy. If tis to become one 
Cf the early-type galaxies in the local universe 
(which are gas-poor, some mechanism will 
have 10 remove most or all of its interstellar 
magium, Some combination of a powerful star 
‘burst, increased metagalactic ionizing radiation, 
and ram-pressure stripping couk! result in the 
dwarf losing mast ofits gas (28). It is also likely 
that only a fraction of its star clusters will sur 
Vive until the present time. As a result, our mod! 
gakixy wouk! end up resembling a lange dwarf 
spheroidal galaxy in the local universe: low stor 
density: metal-poor, with okf stellar populations 
having pronounced radial population gradients: 
lange stellar and dask-matter cores (which are 
comparable in size and density to those in dwart 


Fig. 4. Radial profiles forthe mod- 
cel galany at redshift z = 5.2. At this 
time, the central gas density is very 
low, minimizing the adiabatic com- 
pression of dark matter resulting 
from baryons (which makes it ap- 
propriate for comparison with pres- 
‘ently observed gas-poor dwarfs). 
Green and red lines show the dark- 
‘matter and stellar density (i>) profiles, 


respectively, in the hydrodynamic 
simulation, The black tine corte- 
sponds to the darkmatter density 
profile for the dark-matter-only sim- 
lation, The magenta line shows the 
1 profile forthe dark matter (in the 
hydrodynamic simulation), 
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spheroidals); and pethaps a few globular clus- 
ters. In many respects, the zalaxy would resem- 
ble the Fomax dwarf 
Our noncosmological modeling (/6) sus 
sxsted that stellar feedback can be directly respon 
sible for the absence of dark-matter cusps only 
in small galaxies, with total masses < 10! Mg: 
In larger galaxies, the dark-matter particle ve- 
become substantially larger than the 
‘ofthe random bulk gas motions, which 
is~ 10 kms. Our current, cosmological simu- 
lations are consistent with this result (the mass 
‘of our galaxy reaches 2 « 10° Mg by = = 5). 
Numerical simulations (29) have suggested that 
‘8 universal halo density profile (cither cuspy oF 
cored), once s,s preserved through subsequent 
hhicrarchical evolution (which is consistent with 
the analytical result that the collisionless: dark- 
matter phase-space density can only decrease 
‘ever time), implying that our mechanism may 
also lead to dark-mater cores in larger galaxies. 
Our simulations indicate that the gravitational 
bicaing of mater resuking fem feedback powe 
bulk gas motions is a eritcal determinant of the 
‘propenies of dwarf galaxies. Large dark-mater 
‘cores ant an unavoidable consequence of early star 
formation in dwarf galaxies. Our model indicates 
‘that, in primordial dwarf galavies, globular clus- 
ters are formed in the most natural plice—near 
the center, where the gas pressure is highest 
and are then pushed by feedback to much langer 
distances. This mechanism also ensates that glob 
lar clusters and unclustered stars have a com 
‘parable distribution, as is observed in early-type 
‘dwarfs (30), Additionally, the low stellar density 
and stellar population gradients observed in 
«dwarf galaxies are also expecta from the mode 
Finally, lange cores have serious implications for 
diroet searches. of dark matter, because a at 
core will produce a much weaker gamma-ray 
‘annihilation signal than that produced by a cusp. 
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Superconducting Vortices in CeColn;: 
Toward the Pauli-Limiting Field 
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‘Many superconducting materials allow the penetration of magnetic fields in a mixed state in which 


the supertiui 


threaded by a regular lattice of Abrikosow vortices, each carrying one quantum of 


magnetic flux. The phenomenological Ginzburg-Landau theory, based on the concept of characteristic 
length scales, has generally provided a good description of the Abrikosow vortex lattice state. We 
‘conducted neutron-scattering measurements of the vortex lattice form factor in the heavy-fermion 
Superconductor cerium-cobalt-indium (CeColng) and found that this form factor increases with 
increasing fied—opposite to the expectations within the Abrikosov- Ginzburg-Landau paradigm. We 
propose that the anomalous field dependence of the form factor arises from Pauli paramagnetk effects 
around the vortex cores and from the proximity of the superconducting state to 3 quantum critical point. 


Col isa d-wave, heavy fermion super- 
( ‘conductor with a critical temperature Te 
2.3 KU), The interaction of Ce with the 
‘conduction electrons leads to an enhancement of 
the effective electron mass by several orders of 
‘magnitude. The competition between an instability 
toward antiferomagnetic ordering (suppressed by 
ssuperconductivty) and a paramagnetic state keads 
to a quantum critical point at the upper critical 
field, Hea, and an associated. non-Fermi fiquid 
behavior (2, 3) The heavy electron mass (and, 
for the field parallel to the planes, the 2d elee- 
tronic structure) suppresses orbiting supercurents 
circling the vortices. Hence, the upper critical fick 
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at low temperature in CoColng is not determined 
‘by the usual orbital depairing. Instead, iis Himited 
bby the Pauli spin susceptibility of the electrons, 
Which favor the eleetron spins to ine wp parallel 
to a magnetic field, which is in competition with 
‘the antiparallel alignment required for Cooper 
pairing in a singlet superconductor (4), In 
CoColns, the Paul-limiting field is smaller than 
the orbital upper eritical field HES by a factor 
as extrapolated from measurements near 
7.(5).and the transition to the normal state at low 
temperatures becomes first-order (5, 6). Finally 
CeColn can be prepared as an ultraclean super- 
conductor with an electron mean free path (() of 
several micrometers, three orders of magnitude 
anger than the superconducting coherence length 
C8). 

‘The Ginzburg-Landau (GL) model is a phe- 
nomenological description of a superconducting 
phase with only two parameters: the coherence 
Jength § of the superconducting order parameter, 
and the penetration depth 2 of magnetic fields 
into the superconducting phase. Abrikosov 
showed that the GL model describes the mixed 
state of type Il superconductors (9), where quan- 
tum flux tubes with a core size of ~3 penetrate 
the superconductor in a regular vortex lattice (VL). 
“The Abrikosov-Ginzburg-Landau (AGL) picture 
«gives a good description of the mixed-state prop- 
erties of orbitally limited superconductors, but it 
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is not known to what extent the AGL model 
applies for Pauli-limited superconductors, partic~ 
tarly close to the upper critical fick 

One of the predicted scenarios for the super 
conducting Cooper pairs in Pauli-imited super 
‘conductors at high fields és tha they are no longer 
formed by a pairing of spin-up and spin-down 
electrons canying oppesite momenta; instead, the 
superconducting order parameter carries a finite 
‘momentum, giving rise 1 an inhomogencous 
superconducting state known as the Fukle- 
emell-Lvkin-Ovehinnikov (FLO) state 0, 11. 
In the Larkin-Ovchinnikov form of such a state, 
the superconducting onder parameter is expected 
to develop regularly spaced planar nodes perpen 
dicular t0 the vortex fines (12), A number of 
experiments on CeColns provide evidence for a 
phase transition inside the superconducting state 
near He consistent with a FFLO state (/2) 
Although the majority of these measurements 
‘were performed with the fit parallel to the basal 
plane of the tetragonal unit cell, the pessible 
existence of.an FFLO state has also been reported 
for an applied field along the eaxis (12-14). 

In our experiment, the VL was imaged by 
neutron scattering (SANS), using the 
‘of the magnetic moment of the 
neutron to the spatial variation of the magnetic 
field ereated by the VL (/'), Figure 1 shows the 
evolution of the VL diffraction pattems. with 
increasing magnetic field at $0 mK. The VL in 
real space has the same symmetry as its dif 
faction pater but is rotated by 90° about th 
field axis. At the lowest fields, the VL 
CeColng has a distorted hexagonal symmetry, 
ziving two equivalent domain orientations andl 
henice 286 first-order reflections, which are sym 
metric with respect to the [110] erystallographic 
direction (Fig. 1, A and D), With inereasing fiekd, 
the VL undergoes a firstorder transition at fy 
0.35 T to a thombic symmetry indicated by 2=4 
Bragg reflections (Fig, 1, B and E), Upon further 
increasing the field, the VL continuously trans- 
forms into an ideal, single-domain square sym- 
metry (Fig. 1, C and F) at Hy = 1.1. This 
evolution of the VL symmetry is in agreement 
‘with our earlier studies conducted in fields up 10 
2T (16, 17). At higher fields, this sequence of 
phase transitions reverses (Fig. 1, G and H), 
‘with the VL undergoing a transition to a rhombic 
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at Ha" = 3.4T) and finally a distorted hexagonal 
symmetry (at Hy = 44 T). 

Further measurements taken at higher tem- 
peratures establish the fick/-temperature VL struc~ 
tural phase diagram (Fig. 2). We note that the 
phase boundary of the high-field “hexagonal” 
phase does not intersect with the onset of the 
first-order nature of Hea (5), nor does it coincide 
\with the proposed FFLO phase boundary (/2, 14), 
At higher temperatures, where thermal excita- 
tion reduces the effects of anisotropy, fewer VL 
phases are observed. We also note that the se- 
quence of VL phase transitions is qualitatively 
similar to that in TmNigB2C (18), where locaized- 
moment antiferomagnetic order interacts with 
the superconducting order parameter, Both com- 

strong paramagnetic response, 
that this may be the driving ore 
Teading to the sequence of phase transitions. How= 
ever, unlike TmNiBC, which has wellhordered 
local moments, in CeColng superconductivity 
thought to supersede magnetism (2 

‘The VL stuctural transitions in Fig. 2 at low 
field and temperature may be understoc! in the 
following terns: In the limit of large distances, 
the vortex tines are isotropic around the screening 


4, (om) 


gy (nm) 


4, (amr) 


03-02 0.1 0 01 02 03 


4, (nem) 


11 JANUARY 2008 VOL 319 SCIENCE 


015 
"B15 01-005 0 005 01 015 
q, (nm) 


ccurrent plane, as this is the tetragonal crystal 
basal plane. As the field is increased and the 
Yortices move closer together, there are two 
focts that can Kkad to the hexagonab-shombic- 
‘square sequence of transitions: (i) d-wave eflccts 
(29, 20), and (ii) the nonlocal relation between 
supercurent density j and vector potential A due 
to a finite coherence length (2/). If the square 
VL is duc tod-wave effets, then the nearest ncigh- 
‘bors should be aligned along the nodal directions 
of the d-wave order parameter (22), consistent 
with the djs.» pairing reported for CoColns (23), 
More surprising is the reversal of the se- 
quence of phase transitions, back 10 a nearly 
isotropic hexagonal VL, as the field approaches 
He (which isa region not accesible in the d-wave 
high-T superconductors). A reentrant square VL 
phase has been predicted theoretically, attributed 
to opposing anisotropies of the Fermi surface and 
the enengy gap (24) orto strong fluctuations near 
Hex 25). However, neither of these theories is 
clearly applicable 10 CeColns. We propose 
instead that a quite different mechanism becomes 
important when the vortex spacing becomes 
comparable to the core size. A qualitative ex- 
planation for the weakening of the fourfold 
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= 005 2 
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anisotropy at high fickds may lie in the observa- 
tion that, by continuity, the field at the center of a 
vortex must exhibit cylindrical symmetry, just as 
itdoes at large distances; the “four-leaved clover” 
anisotropy is strong only alt intermediate dis- 
tances (see, €.g.. (26). The proposed tendency 
towand isotropy at lange fields is seen in free 
«nergy calculations (20), and this tendency may 
bbe amplified by the Pauli limiting process that 
becomes increasingly important near Hea, with 
© moments in the vortex 
the orbital super- 


‘We now analyze the diflcted int 
fiom the spatial variation ofthe magnetic 
tothe VL. The total intensity of a dltiaction peak, 
integrated over angle as the VL is rocked through 
the Bragg condition (15), is proportional o the 
sxjuare modulus of the VL form factor Flay). 
‘which is the Fourier transform at wave vector 
Qu of the twotimensional magnetic flux 
density of the VL. In the limit of very low 
fields, the London approach with negligible 
vertex core effects should apply, and? depends 
‘only on A with the value | V/399/(8n227))*, 
‘where gg is the flux quantum, Our measur | F 
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Fig. 1. (A to C, G, and H) Two-dimensional intensity profiles of 
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the VL difraction pattems at 50 mk as 3 function of increasing 
magnetic field (clockvise starting in the top left corner). images 
at the two lowest fields [(A) and (B)] are based on earlier mea- 
surements (17). The orientation of the crystal lattice és shown in 
). (D to F) Schematics of the VL diffraction patterns, Bragg 
peaks belonging to different domains are denoted by open and 
solid symbols, and the VL opening angle [is indicated, 
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implies a value of % = 4650 A, sbout double the 
values obtained in zero field by other techniques 
(27, 28} the cause of this dillrence is not clear 
a present. Since the early work on Nb (29), it 
hhas been observed that (F* decreases monoton- 
ically as the vortices move closer together and 
their fick distributions overlap. Both the GL 
model and numerical calculations predict an 
approximately exponential decrease of the form 
factor at low and intermediate fields for both 
superconductors (20, 30) Near Hex 
solution to the GL equations pre- 

falls quadratically to ze (31), 
3 shows the measured form 


diets that F 
Figure 
CoCotn 


contrast to typical AGL field de- 
hown by the dashed lines. Below 2 
nent with, 


Fig. 2. Structural phase diagram for the Vi 
in CeColng with the magnetic field parallel 
to the axis. The exact location of the 
hexagonal to rhombic transition Hy was 
reliably determined only at base temper- 
ature, and the dashed line thus denotes our 
best estimate at higher temperatures. 
Likewise, there is some uncertainty in the 
lower branch of the square to. rhombic 
transition Hp between 0.75 and 125 K. 
The upper critical field is from (5). Above 
0.7 Ky Hez is second order Golid circles). 
Below 0.7 K, the transition from the super- 
‘conducting to the normal state becomes first 
‘order (open circles) because of the combi- 
nation of high cleanliness and dominating 
Pauli paramagnetic limiting, 


Fig. 3. Field dependence of the VL form 
factor forthe (1,0) Bragg reflection at 50 mk 
(A) and 0.5 K (B). Solid symbols indicate 
earlier results obtained below 2 T (17). The 
lines through the data are guides to the 
‘eye. The VL symmetry transition fields Hy, 
Ha and Hs at 50 mK are indicated by 
arrows, and the upper critical field is shown 
by the vertical dashed lines. The green and 
blue dashed fines in the upper panel cor- 
respond to |FI? calculated from the Clem 
model (30) using a constant j= 235 nm 
and Ez = 8.1 rim (blue) oF Seip = 5.0m 
(green), The blue shaded region in the upper 
panel indicates the fields above which a 
FFLO phase has been reported on the basis 
‘of magnetization measurements (14), 
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previous reports (17), followed by a monotonic 
increase by a factor of ~4 with field up to 4.5T 
atboth 50 and 500 mK. Anadditional testimony 
to the increasing form factor is given by the fact 
that a strong VL diffraction patiem was ob- 
served even at 4.9 T (within 50 mT of He). 
The GL picture can be generalized by allow- 
ing the characteristic lengths to vary with field. 
This was the approach of earlier work, which, 
motivated by theoretical predictions for ultraclean 
superconductors (32), used a fiekd-lepedent core 
size § to exphin the unexpected constancy of /F? 
below 27 (/7), With the increase in F? reported 
here, however, a parameterization of our results 
between OS and 43 T by a fielddependent 5 
would require a decrease of the core size by a 
factor of more than 5. In comparison, previous 
experimental reports of core contraction show 
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that it occurs mainly at low vortex densities (33), 
and although & decreases, the ratio of the core 
size to the vortex separation increases with field, 
causing (F* to decrease. Within the Bardeen- 
Cooper-Schrieffer (BCS) and GL approach, the 
BCS coherence length & is field-independent 
and Eq. * /nyphyZ (where i the Planck con- 
stant divided by 2x, yp is the Fermi velocity, and 
Jy is the Boltzmann constant). To explain our 
results strictly in such terms would require a tange 


increase of the pairing interaction with field (which 
‘we regard as very unlikely) or would require a 


‘exclude the possibilty that an increase in F* could 
be explained by a decrease in 2, as this would 
imply a superfluid density increasing toward Hea. 
“Thus, our results present a clear depamture from 
the AGL paradigm. This conclusion is also ind- 
rectly supported by observations of an unusual 
‘broadening of the nuckar magnetic resonance 
line shape in the mixed state of CeColns [soe 
(22), references 28 and 120) 

Instead, we ascribe the inerease in JF * at lange 
ficlds to contribution of electton spin polariza- 
tom to the magnetic induction in the vortex cores 
A similar process has boen studied in the boro- 
cearbide superconductor TmNigBsC, which has 
localized magnetic moments (34). 

In a strongly Pauliclimited superconductor, it 
is expected that paral! spin alignment of the 
quasiparticles would be greater in. the cores, 
where the Cooper pairs are broken. This conclu- 
sion i strengthened by recent first-principles cal. 
culations, which indeed show an increase in (F? 
‘with fie arising from paramagnetic effects (35). 
However, there is not complete agreement, as an 
increasing form factor requires a ratio between 
the Pauli limiting field and the orbital Timiting 
field, which is larger than the one found experi- 
‘mentally for CeColns. This dixrepancy may aise 
fiom the fact that the magnetic susceptibility inthe 
direction is twice that for the basal plane (6), 
‘whereas the heat capacity in the normal state is a= 
‘roximately independent of field ditection, sugzest- 
ing an additional enhancement of paramagnetic 
effects for fields along the caxis, Aleratively, it 
‘may be the quantum critical point at Ms(7"~ 0) 
that ads to a divergence of the heavy’ fermion 
masses as measured by de Haas-yan Alphen mea 
surements (36) and heat capacity (2), porsibly 
Ieading both to an enhancement of the parang 
netic effect and to a imitation of the vortex core 
size, both of which would tend to maintain a lange 
fam factor to high fields. 

Finally, we draw attention to the drop in F? 
just below He shown in our lowest-lemperature 
data in Fig. 3. This drop does not coincide with a 
VL sinucture change. However, it does oceur 
the fiekd and temperature region where other 
‘measurements have been interpreted as evidenee 
for a FFLO phase with field direction parallel to 
the © axis (/2-14). Cenainly, the additional 
zeroes in the onder parameter ina. spatially 
‘modulated FFLO state would be expected to 
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reduce the form factor. Even without this indirect 
evidence for the predicted FFLO state, our main 
conchision remains that in this strongly Puuli- 
limited superconductor with a quantum critical 
point at Ha(T ~ 0), the mixed state departs in 
many respects from the classical Abrikosov VL, 
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Self-Assembled Water-Soluble Nucleic 
Acid Probe Tiles for Label-Free RNA 
Hybridization Assays 


Yonggang Ke,” Stuart Lindsay," Yung Chang,” Yan Liv,” Hao Yan®** 


The DNA origami method, in which long, single-stranded DNA segments are folded into shapes by 
short staple segments, was used to create nucleic acid probe tiles that are molecular analogs of 
macroscopic DNA chips. One hundred trilion probe tiles were fabricated in one step and bear pairs of 
20-nucleotide-long single-stranded DNA segments that act as probe sequences, These tiles can 
hybridize to their targets in solution and, after adsorption onto mica surfaces, can be examined by 
atomic force microscopy in order to quantify binding events, because the probe segments greatly 
increase in stiffness upon hybridization. The nucleic acid probe tiles have been used to study position- 
dependent hybridization on the nanoscale and have also been used for label-ree detection of RNA. 


the detection of Jow levels of gene ex- 
| pression (J) has boen enabled by tech- 
nologies such as DNA microarrays (2, 3) 

and reverse transcription polymerase chain re- 
action (RT-PCR) (4), Nonetheless, these tech- 
nologies are still expensive (5), require probe 
fabeling, and are hard to scale down to sample 
Volumes comparable t0 those of single cells 
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Sample volumes have been reduced and sensi- 
tivities have been increased, but tangct detection 
il relics heavily on enzymatic manipulation and 
amplification to create detectable signals. We 
[present an altemative that complements bench- 
top arrays in which individual self-assembled 
nuclei “tile” molecules. formed by 
“stapling” long, single-stranded DNA segments 
with shorter strands into shapes, can act as 
hybridization probes for molecules such as 
mRNAs in solution. After binding, the tiles can 
bbe adsorbed onto mica surfaces and are detected 
by atomic force microscopy (AFM). Thus, the 
probe tiles are reagents that are hybridized in 
solution and then titrated to quantify the targets. 

‘Because the probes are placed on each nucleic 
acid tile with nanometer-scale precision, the 
effects of probe placement can be explored with 


molecular resolution, We found thatthe exact po= 
sition of the probe made a substantial difference 
to hybridization efficiency, We circumvented this 
problem by manufacturing “bar-coded” tiles in 
‘which all ofthe probes were placed in an optimal 
Position, and each type of nucleic acid tile was 
distinguished with a distinctive code represented 
by a group of dumbbellshaped DNA loops pro- 
‘trading out of the tile surface as topographic 
‘registration markers; each coded tile detected one 
gone product. 

Our ability to dotect single-molecule hybrid- 
ization with AFM appears to be enabled by the 
diflerence in the elastic properties of single- and 
double-stranded DNA or of the RNA-DNA 
hybrid. Detection sensitivity was, in this case, 
limited only by nucleic acid tile concentration 
down to the 200 pM levels, which we were able 
to image readily 

The design of the nucleic acid probe tiles snd 
the read-out mechanism for the target binding are 
illustrated in Fig. 1. The foundation of the tike 
design was based on “scaffolded DNA origami” 
(Fig. 1A): a selfassembling technique for one- 
step synthesis of fully addressable DNA nano- 
structures (6). Rothemund (6) demonstrated that 
a Jong, single-stranded viral DNA scaffold ean be 
fokled and stapled by a lange number of short 
synthetic “helper strands” into. nanostructures 
that display complex pattems. A one-step nano- 
molar-scale synthesis yields >10" origami tiles 
with nearly 100% yield. 

We wsed a simple, rectangularshaped design, 
and its layout is shown schematically in Fig. 1A. 
Three different sequences of capture probes 
Were included on the origami tile, comespond- 
ing 10 a region of three genes—Rag-/, e-mye, 
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and B-actin—expressed in the murine progenitor 
B cll line (7, 8). A sequence not found in the 
mouse genome was added as a control. Twelve 
copies of each probe were arranged into each line 
‘on the tile, with an interprobe distance within the 
lines of nm and a spacing between the lines of 
20 nm (Fig, 1A), Six copies of the control probes 
form a shorter Hine on the left side of the tke, An 
“index spot” was placed in the top left comer. We 
used six of the 28-nuclootide-long dumbbell- 


the tile, so that the images of the 
‘oriented unambiguously. Detailed sequences of 
the probes, control, and indexes ean be found in 
the supporting online material (9) 

‘The les were self-assembled in solution: We 
uused the single-stranded M13 viral genome seal 


fold strand to nucleate both the probe-moditicd 
and nonmodified helper strands. An aliquot of 
the solution (2 jl) was dropped onto the mica 
surface for AFM imaging (Fig. 1B). In our probe 
design, selected pairs of neighboring helper strands 
‘are modified so that each contains a singk- 
stranded fragment of 20 nucleotides that protrudes 
‘out of the tke surface (Fig. 1C). Each dangling 
single strand in the pairserves.as.a half-probe for a 
single RNA target of 40 bases. Upon hybridization 
Of the target to a pair of hall-probes, the strands 
form a stiff V-shaped structure [see (9) for mo- 
Jecular dynamics simulation}. This local stiffening 
is readily sensed mechanically with an AFM can- 
tilever and appears in the image as local high-spot 
(Fig. IC), We have tried various different probe 
designs (J), and this V-shaped junction design 
provides the best AFM signal of target binding 


Fig. 1. (A) (Left) Schematic layout ofthe indexed nucleic acid probe tiles bearing three different probes 
(lor targets Rag-1, C-myc, and fractin) and a control probe. A simple, rectangular-shaped DNA origami 
tile was used, in which a circular single-stranded N13 viral DNA (black tines), composed of 7249 bases, is 
folded and stapled, with the help of >200 short synthetic DNA strands, to form the desired two- 
dimensional (20) tile. Helper strands without probe modifications are shown (gray lines), and helper 
strands modified with probe sequences and control sequences are shown in different colors. This 
rectangular-shaped probe tile has dimensions of 90 nm by 60 rm. Twelve copies ofthe specific probes are 
spaced at S-nm intervals in a line, and lines of probes are separated by 20:nm. Six control probes are 
arranged in a shorter line. An index spot, composed of six closely packed dumbbell-shaped bulge loops at 
the top left comer, is designed to give the AFM topological feature with which to orient the AFM image of 
‘each individual til. (Right) Tilted view ofthe tile (drawn in DNA helix styl) to illustrate the 3D view of the 
probe tle Layout. (B) illustration of the process (not drawn to scale) forthe use of probe tiles for target 
detection. Probe tiles are self-assembled in solution, hybridized with targets, and then dropped onto the 
mica surface for AFM imaging. (C) Probe design and detection mechanism. A pair of neighboring helper 
strands is extended out of the surface of the tile, with each 20-base-long extension bearing a half of the 
target sequence. These single-stranded probes are flexible and do not produce a visible feature under AFM 
imaging. Upon target hybridization with the pair of half-probes, the double helix ofthe DNA-RNA duplex 
forms, and the stiffer V-shaped junction is readily detected with the AFM cantilever. 
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In a test of the initial design, tiles with all 
three probes and a control (Fig, 1A) were as- 
sembled with 10 nM of the M13 viral genome as 
the scaflold strand and a fivefold exeess of short 
helper strands. Because the existence of the ex 
‘cess helper strands (some of which contain the 
‘probe sequences) will interfere with the target 
hybridization, the tiles were purified with Micro- 
‘con centrifugal filer devices [MWCO 100,000 
(Millipore, Bedford, MA)] to remove the small 
oligonucleotides. We adjusted the final concen- 
tration of the tle by using optical absorption 
260 nm. We then mixed 10-nM of the tiles wi 
(600 nM {a [probe) [target] ratio of 1:5} of each 
fof the three different targets. AFM images of 
these hybridized tiles revealed that the target 
hybridization depends strongly on the probe 
Positions in the tile, The probes on the edge (Pr 
‘actin a position 3) give the best hybridization 
efficiency, whereas the robes in the middle of 
the tke (Rag-/ at position 1) give the worst bind- 
ing efficiency (fig. $5). 

‘To contin that this positional effect does not 
depend on the sequence ofthe probes, we put the 
same probes with the worst binding (Rag) at all 
three positions and found ain that the probes on 
the edge (position 3) gave the best hybridization 
efficiency (Fig. 2 and fig. S6), Because eke 
charge repulsions between the tanget and the 
underlying tie, as well as repulsions. betwe 
probes, are stronger in the middle ofthe tile than 
athe ede of the tke, an! because steric hindrance 
is weakest at the tiles edge, these fictors pre- 
sumably play a role in our observed results, Inthe 
DNA microarray, intepprobe spacing. is. not 
controlled at the single-molecule level. Hybrid= 
ization on a solid surface is not only kinetically 
slow butabso les efficient (/0, 11), Our probe tile 
design now permits the study of the positional 
effect of probes on their efficiency of target bind- 
ing. The precise interprobe-distance control and 
the hybridization in solution also make the bind- 
ing kinctically fas, with full hybridization with 
30 min with no stirring at room temperature, 

The selfsassembling nucleic acid tile 12-14) 
allows accurate control of probe placement (15, 16) 
We designed four different bar-coded tiles (Fig, 
3A). cach of which carried a line of probes: one 
for cach of the three tages and one as a control. 
The probes were placed along one edge of the 
tiles to optimize the hybridization efficiency, and 
aa bar-coded region was added, in which combi- 
nations of different index geometries were used 
to distinguish the tile. An equimolar mix of the 
four types of tiles was used for simultaneous 
mutplex detection. Typical AFM images (Fig. 3A, 
middle pane) show that each bar-coded tke can be 
distinguished by is own bar code, without targets. 

We used these bar-coved probe tiles to test the 
detection of single and multiple targets (Fig. 3, A 
and B, and fig. S9). The detection of the three 
different targets is highly specific, with no 
binding of the control sequence. Each probe also 
serves as a control forthe other two probes and 
revealed no nonspecific crasshybridization. To 
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demonstrate that our system can detect a syn- 
thetic RNA target in the presence of a kage 
amount of cellular RNA, we performed a spike 
‘experiment in our hybridization by mixing the 
synthetic RNA with 2 mgm total cellular RNA. 
The target hybridization can still be visualized 
(Fig, 3B, right panel), and the excess amount of 
cellular RNA did not interfere with the specific 
target hybridization, The use ofthe tike probes for 


targets added. Figure 3C shows the obvious 
difference of the hybridization efficiency be- 
‘tween low and high target concentrations. 
‘Because the nuckeic acid probe tiles are them- 
selves reagents, itis possible to titrate the probes 
against the targets and obtain quantitative results, 
as shown in Fig. 4 for two different tile concen- 
trations (10 nM and 200 pM). The plots of hybrid 
ization eff 


ancarly linear increase at target} [probe] < I that 
aches saturation at [target|[probe} > 1. This 
non Michaelis-Menten (ie Hinear binding shows 
that the detection és limited only by the concen 
tration of the tiles: every target molecule is bound 
bby a probe at these concentrations. This result is 
expected, given thatthe hybridization free energy 
is about ~0 kcal/mol (77), and it isa clear indi- 


RNA detection is also sensitive to the amount of | 


Fig. 2. The effect of the probe positions on the efficiency of target binding. The three tines 
(positions 1 to 3) are all composed of the same probes for Rag-1. Four different DNA tiles are 
constructed: three tiles with probes at one of the three positions, and one tile with the same probes 
at all three positions. The target-binding efficiency is measured by analyzing the height images by 
‘AFM (9). Topographic illustrations of the tile design and their corresponding AFM images with a © 


Ltargetl/Iprobe) ratio of 5:1 in all cases are shown. Scale bars, 150 nm. Four representative zoom-in 
images are shown in the bottom of each large-area scan. An enlarged zoom 
in the bottomleft corner of the large-area scan. Additional enlarged images and a plot of 


hybridization percentage versus probe positions can be found in (9). 


A cei a Cmye 


with 
targets 


Fig. 3. (A) (Top) Topographic illustration of the bar-coded tile designs. 
The top left corners of the tiles are modified with one to three groups of 
topological features that form distinctive bar codes for each tile. Each 
carries a line of probes positioned near the right edge of the file to 
‘optimize target-binding efficiency. (Middle and Bottom) Typical zoom-in 
AFM images of the bar-coded tiles without targets (Middle) and with 
targets (Bottom); each type of tile is readily identified by its bar code. (B) 
(Left) AFM images of an equimolar mix of the bar-coded tiles with 
combinations of the three gene targets. The tiles marked by red, green, 
blue, and pink circles are identified from their bar codes as carrying the 
Gmye, Rag-1, fractin, and control probes, respectively. Each probe shows 
specific target binding in the presence of their targets. The control probes 
and the probes for the absent targets do not show any nonspecific 
binding. (Right) fractin RNA spike experiment in the presence of 2 mg/ml 
cellular total RNA extract. The detection efficiency of the j-actin target is 
riot interfered by the presence of a high concentration of the cellular 
RNA. Scale bars, 150 nm. (C) Typical AFM images showing the sensitivity 
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‘dency versus [target) [probe] ratios at 
these 100 tike concentrations show a similar tre: 
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cation thatthe intrinsic hybridization efficiency 
100% and that are not limiting 
Our current is limited by ouruse of 


lange substrates for AFM imaging and by con- 
ventional micropipette handling of reagents, To 
improve the detection for profiling gene expres- 
sion of single cells, we propose that further de- 
velopment are needed 10 deposit a smaller 
amount of tiles onto a tiny spot for AFM imag- 
ing. For example, iftiles as small as | nl of | pM 
solution (the tikes are dilutable) could be placed 
‘on an optically indexed AFM stage for imaging, 


it would bring the detection limit down to ~ 1000 
molgcules, which would be adequate for label 
five and PCR-fiee detection ofthe proxht of gene 
expression in single cell. Although this approach 
oes not ye compete with existing arays for 
ysis with hundreds of thousands of probes, it 
Probe the effects of nanometerscale changes in 
geometry, as demonstrated by our measurements 

position dependence of hybridization, Sueh 
investigations nced not be limited to DNA or RNA 
analysis. For example, we have shown i 
‘eins can be placed onto theses with n 
scale precision using DNA aptamers (J8). 


image is also shown 


Bractin spike in total RNA 


Low target concentration 


‘of the probe tile to target concentration (with the Cmyc target as an 
example). The [targetl/{probe] ratios of 0.2:1 (left) and 2:1 (right) are 
shown. Dimensions of each tile in all images were measured to be ~ 60 
‘nm by 90 nm. 


High target concentration 
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100: 


Hybridization Percentage (*%) 


ty i] 2 


3 4 5 6 


[Rag-1]/ [Probe] 


Fig. 4. Hybridization percentage as a function ofthe [targetI/(probe] rato. The tile used is the one shown 
in Fig. 3A carrying the Rag-1 probes, Two different tile concentrations are used: 10 nM (black squares) and 
200 pM (red triangles). Each error bar represents SD calculated from measurements on 50 tiles. 


it should be possible to probe the spatial depen 
dence of binding interactions involving multiple 
biomolecular components, 
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Imaging Nucleophilic 
Substitution Dynamics 


J. Mikosch,? . Trippel,” C. Eichhorn,’ R. Otto,” U. Lourderaj,? 
J. X. Zhang,? W. L. Hase,” M. Weidemiiller,” R. Wester? 


Anion-motecule nucleophilic substitution (Sy2) reactions are known for their rich reaction 
dynamics, caused by a complex potential energy surface with a submerged barrier and by weak 
‘coupling ofthe relevant rotational-vibrational quantum states. The dynamics of the Sy2 reaction of 
CI” + CHs! were uncovered in detail by using crossed molecular beam imaging. As a function of the 
collision energy, the transition from a complex-mediated reaction mechanism to direct backward 
scattering of the I” product was observed experimentally. Chemical dynamics calculations were 
performed that explain the observed energy transfer and reveal an indirect roundabout reaction 


mechanism involving CH rotation. 


molecular nucleophilic substitution is 
B: fundamental reaction mechanism in 

chemistry (/), The reaction’s equation, 
Xe RY = X-R + Y, summarizes bond fore 
mation by the attacking nucleophile X with the 
moiety R and concerted bond cleavage of the 
substituted leaving group Y. Sy2 reactions are 
widely used in preparative organic synthesis 
(2), Low-energy negative-ion reactions, most 
likely nucleophilic substitution, are suxzested 
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to cause the lange amount of DNA. double 
strand breaks in the wake of ionizing particles 
@). 

‘Anion-molecule Sx2 reactions may be the 
most prominent type of ion-molecule reactions, 
studied extensively both experimentally (4, S)and 
computationally (6, 7). Rate coeflicients for these 
reactions depend strongly on the sumounding 
solvent (4), making experiments on isolated was- 
phase systems a crucial reference point in distin- 
_guishing solvent effects from the intrinsic dynamics 
Of the reaction. The how rate coefficients observed 
inthe gas phase, which are much smaller than the 
classical Langevin capture rate expected for a 
barrier-kess ion-molecule reaction, are qualita- 
tively well understood to stem from two wells 
(Fig. 1) om the potential energy hypersurface (8). 
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This characteristic potential energy landscape 
is attributed to the formation of ion-dipole col- 
lision complexes on both sides of the reaction 
barrier, The barrier itself, which represents a 
transition state that corresponds to inversion at 
the reaction center, has a substantial influence 
‘on the reaction kinetics even though it most 
cofien lies submerged with respect to the energy 
of the reactants. 

Studies of anion-molecule Sy2 reactions have 
dctermined reaction rates as fonction of tem 
perature (9, 10) and energy (/1) and probed the 
‘dynamics of the pre-and postreaction ion-dipole 
‘complexes (/2, 13). An important finding from 
these studies is that the reaction kinetics and 
dynamics are often inadequately described by sta- 
tistical theories (4-16, 12,17), a result supported 
by classical (6, /8) and quantum (79, 7, 20) 
chemical dynamics. simulations. An illustrative 
example of nonstatistical behavior is the strong 
dependence of the CT + CHsBr reaction rate on 
the relative translational energy of the reactants, 
despite insensitivity to their intemal temperature 
(14), Such dynamics contradict the statistical 
assumption of rapid randomization of all the 
available energy in the CT» CHBr prereaction 
complex. Nonsiatistical dynamics of the ion- 
dipole complexes are also evident in the product 
energy partitioning for the Cr» CH! uni- 
molecular decomposition (/3), the mode-specific 
dynamics of the CT» CHBr complex (12, 22), 
and the CI. + CHsBr reaction rate dependence on 
collision energy (11). Therefore, a detailed analy- 
sis of the flow of enengy during the course of the 
reaction is required (6). 
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Until recently, many details of the Sx2 dy- 
namics of bimolecular anion-moleeule reactions 
could only be obtained from chemical dynamics 
simulations. However, with recent experimental 
advances (22), insight into the reaction dynamics 


may be obtained from measurements of correlated 
angle- and energy-differential cross sections, 
Specifically. the probabilities for energy redistri- 
bution within the ion-dipole complexes, their 
dependences on initial quantum states, the branch- 


ing into different product quantum states, and the 
swle of tunneling through the central barrier pose 
‘open questions to be probed experimentally 

We report kinematically complete reactive 
seattcring experiments of the anion-molecule 


‘Sy? weaction CT = Hs = CHACL + (Fig. 1) 
\with use of our ion-molecule crossed beam imag- 
ing spectrometer (22). In this way, we extended 
the successfl erossed beam periments 
of neutrals (23) to ionic reactions. These 
collision experiments measure directly the velo 
vector of the product anion, which reveals the 
ceneryy- and angle-diferential reaction cross se 
tion, By using reactants with well-defined relative 
kinetic energy and momentum, we ean determine 
‘energy transfer during the reaction, which yields 
the faction of total available enengy partitioned to 
internal modes of the molecular protuct. For com- 
parison with the experimental results, we have 
performed high-level trajectory simulations. 

In the experiment, we predluced slow pul 
of CL anions with a tunable well-tefined ki 
energy between 0.2 and $ eV ina compact 
cectron-impact supersonic expansion ion source 
(22), The ion pulses crossed a supersonic neutral 
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Fig. 1. Calculated MP2(fc)ECP/aug-<c-pVDZ Born-Oppenheimer potential energy along the reaction 
‘coordinate g = Re-4~ Re-ci for the Sy2 reaction CI- + CHsl and obtained stationary points. The reported 


‘energies do not include zero-point energies. Values in brackets are from (28). 


10 


jet of CHL scedod in helium, whereby a few of | 
the CT anions induced nucleophilic substitution 
and liberated I” anions, The interaction region of | 
the crossed beam experiment was phiced in a 
pulsed-field velocity map imaging spectrometer, 
‘which maps the velocity of the I~ proxluct anion 


E,,= 1.07 eV 1.90 eV 
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‘00 
Ze 
> 
00 
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Fig. 2. (A to D) Center-of-mass images of the I” reaction product velocity 
from the reaction of CI” with CHs! at four different relative collision energies. 
The image intensity is proportional to [(d’aiiidv, dv, dy,I: Isotropic scat- 
tering results in a homogeneous ion distribution on the detector. (E to H) 
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The energy transfer distributions extracted from the images in (A) to (D) in 
‘comparison with a phase space theory calculation (red curve). The arrows in 
(H) indicate the average Q value obtained from the direct chemical dynamics 
simulations. 
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‘onto a position sensitive detector. With the use of 
slice imaging (23) implemented by activating the 
detector only during a short time window, we 
imaged only scatering events for which the velo- 
city vectors of the products lie within the plane 
defined by the reactant velocities. Because of the 
cylindrical symmetry ofthe scattering cross section, 
this procedure yielded the velocity magnitude- 
and angle-differential crass sections directly, with- 
‘out resorting to Abel-inversion-type algorithms, 
“The neutral product does not need to be detected 
because its propenies can be inferred from con- 
servation of enengy and momentum (24). 

‘The top row of Fig, 2 shows maps of the I~ 
proxluct ion velocities fom the CT + CHL — 
CHACL reaction at four different relative col 
lision enengies between Eqt = 0.39 eV and Ext = 
1.90 eV, which were chosen because they span the 
dlistinet reaction dynamics observed in this enemy 
range. The only data processing applied to the ion 
impact position on the detector is incar conver 
sion fiom position to jon spoxd and a transforma 
tion into the center of mus frame. Consequenth 
the velocity vectors of the two reactants, the CT 
‘anion and the CH)! neutral, fine up horizontally 
and point in opposite directions, indicated by the 
‘arrows in Fig. 2, Each velocity image representsa 
histogram summed over 10° to 10° scattering 
‘events. The total energy available to the reaction 
products is given by the relative transhational 
‘eneryy, Fr OF the reactants plus the exoergicity, 
(0.88 eV, of the reaction (Fig. 1). 1 proxtucts reach 
the highest velocity when all the available energy 
is converted to translational energy. The outer- 
most circle in Fig, 2 represents this kinematic 
ceutott for the velocity distribution, The other con- 
centric rings display spheres of the same trans 
fational energy and hence also the same internal 
product excitation, spaced at 0.5-eV intervals. 


‘The images in Fig. 2 reveal many details of 
the reaction dynamics. For the lowest relative 
collision energy of 0.39 eV. there is an isotropic 
Aistribution of product velocities centered around 
‘zero with all scattering angles equally probable. 
This pattem points to the traditional reaction 
mechanism (4) mediated by a collision complex 
‘whose lifetime is long compared tothe time scale 
of its rotation. The complex-mediated mecha- 
nism is accompanied by a velocity distribution 
that drops to zero far before the kinematic cutofl 
is reached, as can be inferred from the position 
Of the outermost ring in the image. Thus, the 
langest faction of the available enengy is pai- 
tioned to internal rovibrational enery of the 
CHC! product. 

A distinctly different reaction mechanism be- 
‘comes dominant at the higher relative collision 
‘energy of 0.76 eV (Fig. 2B): The I” product is 
back-scattered into a small cone of scattering 
angles. This pattern insicates that direct nucleo- 
philic displacement dominates. The CT reactant 
attacks the methy! iegide molecule at the concave 
center of the CH umbrella and thereby drives the 
1 product away on the opposite side. The direct 
mechanism Ieads to product ion velocities close 
to the kinematic cutofl In addition, part of the 
‘product flux is found at small proxtuct velocities 
With an almost isotropic angular distribution, n= 
icating that for some of the collisions there is 
significant probability of forming a long-lived 
complex. 

Atacollision energy of 1.07 eV (Fig. 2C), the 
complex-mediated reaction channel is. not 
‘observed any more, The reaction proceeds almost 
‘exclusively by the direct mechanism, with a similar 
velocity and a slightly narrower angular distribu 
tion relative to the 0.76-cV case. AL an even 
higher collision enengy of 1.90 eV, the domi- 
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Fig. 3. View of a typical trajectory for the indirect roundabout reaction mechanism at 1.9 eV that 


proceeds via CHs rotation. 
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nating backward scattering pattems of the I ion 
spreads over an increased range of scattering 
ss. The inserted rings demonstrate a con- 
comitant broadening of the velocity distribution. 
Inaddition, a new feature appears that consists of 
two distinct low-velocity peaks symmetric in the 
forward and the backward directions with respect 
to the center of mass. AS detailed below, these 
peaks represent reactions that occur via a round- 
about mechanism. Atrelative energies above 2 eV, 
new dissociative channels open and influence the 
scattering dynamics, and so we restricted the cur- 
‘ent presentation to collision energies up to 1.9 eV. 

Fora quantitative analysis, we calculated the 
energy transfor Q Exist ~ Ein te 
reaction events, For the lowest collision « 
0F 039 eV, Fig 2E shows tht the observed 
distribution vanishes for Q values far below 
the kincmatic cutoff at 0.55 eV, A theoretical 
‘phase-space calculation (redline in Fig. 2E) (25), 
hich assumes that the available energy is dls- 
tributed statistically among all degrees of fiee- 
dom of the reaction products, shows excellent 
agreement with the dita afer convolution with 
the experimental resolution stemming from the 
velocity spread of the reactant beams, The ob- 
servation of statistical energy partitioning at this 
finite collision energy is unexpected, given the 
reported nonstatistical unimolecular decomposi- 
of metastable CI>CHsL Sx2 complexes 
(13). We found that 84% of the total available 
‘energy is trapped in internal excitation of the 
(ClyClreaction product, which amounts to Ey 
0.79 eV. At all the higher relative collision 
energies (Fig. 2, F to 1), the phase space model 
cannot reproduce the observed dynamies. Here, 
the Q value distribution peaks near its maximum 
value of 0.85 eV. The mean internal excitation 
in absolute and in relative numbers is given by 
05 eV (40%), 045 CV (25%), and 0.95 eV 
40%). At_L.O7 eV relative collision enemy, a 
‘minimum is found both in the absolute and the 
relative amount of intemal excitation, which is 
sign of subtle changes in the translation-vibration 
coupling during the reaction 

‘To complement the above experimental study 
of the CT + CHsl reaction dynamics, we per 
formed a trajectory simulation at the MP2(fey 
ECP/aug-ce-pVDZ (26) level of theory by a 
‘computational approach directly using this theory 
27), As shown in Fig. 1, this theory gives ener- 
ses for the reaction’ stationary points in ood 
agreement with previous values based on rite 
cvetficient measurements (28). These sinmulati 
are computationally expensive and only practical 
at the highest collision energies where both the 
‘encounter time is shot and the reaction proba- 
bility appreciable. Here, we report results for the 
1.9-2V collision energy and CHs1 rotational and 
vibrational temperatures of 75 K and 360 K, 
respectively, which are the approximate experi- 
‘mental conditions, 

Although the reaction fis no overall barter, 
the simulations show a quite low reaction prob- 
ability at 1.9 eV, decreasing from 0.065, 04 
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(0.03, 10 0.005 as the collision impact parameter, 
+, isinereased from 00, 1.0, 2.0, t03.0.A.On the 
basis of the centrifxgal potential at the central 
barrier, the maximum impact parameter for re- 
action is estimated as $.2 A. but the low reaction 
probability at > 2 A makes it computational- 
ly intractable to sample the complete range of 
+, Nevertheless, important details of the reaction 
<dynamies are found, The reaction occurs by both 
direct and indirect mechanisms, with a direct 
fiaction of 0.4, 0.8, 0.8, and ~1.0 for impact 
parameters of 0.0, 1.0, 20, and 3.0 A. respec~ 
tively, suggesting the direct reaction dominates at 
the larger & values. The product energy pati- 
tioning for the direct reaction isthe same for these 


0.04, 0.23, and 0.73 for rotation, vibration, and 
translation, respectively. For the indirect trajecto- 
ries, the average fractions of energy partitioning 
‘orotation (0.28), vibration (0.56), and translation 
(0.16) are quite different. Because the direct 
reaction is expected to dominate when trajecto- 
ries are averaged over all impact parameters, an 
‘overall fraction partitioned to translation in the 
range of 06 to 0.7 is expected. This partitioning 
<comespons to mean intemal excitation oF about 
(0.85 eV, which agrees well with the experimental 
value of 0.98 eV as given above, The much 
higher internal excitation for indirect reactions 
amounts to about 1.9 eV, which i in good! aysee- 
iment with the average eneny of the two Low 
‘Velocity peaks observed inthe experiment (Fig. 2D 
and Fig. 2H, left arow). 

‘The atomic-level mechanisms for the direct 

and indirvet reactions at 1.9 eV collision energy 
are substantially different, The direct reaction 
‘occurs by the classical Sy? reaction pat, with 
CF attacking the backside of CHL and directly 
displacing 1” (8). The indirect reaction occurs via 
41 roundabout mechanism involving a CHs 
rotation, The principal mode for this mechanism 
is depicted in Fig 3, where CT first strikes the side 
‘of the CH group, causing itt rotate around the 
more massive 1 atom. Then, after one CHy 
revolution, CI” attacks the C atom backside and 
dlireetly displaces I, The time between the initial 
CL-CHly collision and the departure of F ranges 
around 400 f8, Two variants of the roundabout 
mechanism, of much lesser importance and with 
intermediate lifetimes of 1 to 4 ps, were also 
found, One is identical to. the roundabout 
mechanism, except the departing 1” becomes 
transiently trapped in the post-reaction potential 
‘energy well (Fig. 1). The other is similar to the 
roundabout mechanism, except CHs rotates 
twice about the I atom, The translational enenzy 
partitioning for the roundabout mechanism 
approximates that of phase space theory (Fig. 
211), which assumes statistical dynamics. This 
sugyests that this mechanism may participate in 
the statistical product energy partitioning observe 
for the Cr+ CHs1 Sy? reaction at lower colli- 
sion energies. 

This combined experimental and computa- 
tional study hats identified a previously unknown 
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four impact parameters, with average fractions of 


roundabout, CH;-otation mechanism for gxs-phase 
Sx2 nucleophilic substitution reactions. This mech- 
anism may also play a role for other Sy2 re 
actions such as the CT = CHsBr reaction, where 
an energy-dependent change in the reaction mech 


anism has been discussed (/7, 29) It will be of 


Particular interest to determine the role of the 
roundabout mechanism in other and more com- 
kx ion-mokeule wactions 
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Tidal Modulation of Nonvolcanic Tremor 


Justin L. Rubinstein, * Mario La Rocca,” John E. Vidale,” Kenneth C. Creager,? Aaron G, Wech* 


Episodes of nonvolcanic tremor and accompanying stow slip recently have been observed in the 
subduction zones of Japan and Cascadia. In Cascadia, such episodes typically last a few weeks and 
differ from “normal” earthquakes in their source location and moment-duration scaling, The three 
most recent episodes in the Puget Soundisouthern Vancouver Island portion of the Cascadia 
subduction zone were exceptionally well recorded. In each episode, we saw clear pulsing of tremor 
activity with periods of 12.4 and 24 to 25 hours. the same as the principal lunar and lunisolar 
tides. This indicates that the small stresses associated with the solid-earth and ocean tides influence 
the genesis of tremor much more effectively than they do the genesis of normal earthquakes. 
Because the lithostatic stresses are 10° times larger than those associated with the tides, we argue 


that tremor occurs on very weak faults. 


horly after the discovery of both non- 
G siecle a 

events (2. 3), Rogers and Dragert deter- 
mined that these two phenomena occur coin- 
‘cident with each other at regular intervals in the 
Cascadia subxluction zone (4). They termed this 
phenomenon episodic tremor and slip (ETS). 


Soon thereafter, ETS was also observed in the 
Nankai Trough in Japan (5), ETS falls into a 
nowly identified class of geophysical phenomena 
that are distinct from “normal” earthquakes, For 
these slow-slip phenomena, seismic moment 
scales with event duration (6), whereas for earth- 
‘quakes, moment scales with the cube of event 
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duration (7). The relative locations of nonvol- 
ccanic tremor and earthquakes also indicate that 
they are different processes. In Cascadia, tremor 
appeats to fil volumes of crust that have litle oF 
no seismicity (8), whereas on the San Andreas 
Fault, tremor is found below enustal seismicity 
(9). Prise locations of low-frequency cathaguahes 
in Japan, which have been shown to make up a 
substantial part of nonvoleanic tremor (10), place 
them well above the only nearby seismicity (11), 

ETS has boen interpreted by many as inter- 
‘mittent accelerated slip located betwoen the locked 
and fively slipping portions of subduction meya- 
thnust Fiults, possibly mediated by pressune fluc 
tuations of Huds rising from the subducting slaty 
(4-6, 10, 11), However, a wide range of other 
physical mechanisms for ETS remains on the 
lable, Here we spotlight striking difference 
from normal earthquakes: The amplitude of trem- 
‘or strongly correlates with tidal stresses. Many 
have sought a correlation between earthquakes 
and the stress fluctuations induced by the tides, 
but only those examining the most favorable 
conditions for triggering (/2-17) see any come- 
lation of earthquakes with the tides. Careful 
studies of lange earthquake data sets find no 
such correlation (/8-2/), 

‘The ETS episodes in the portion of the 
Cascadia subduction zone near Puget Sound 
and southern Vancouver Island have a periodic- 
ity of approximately 14. months, with each epi- 
soxte lasting 2 to 3 weeks, The last three major 
ETS episodes in this region were in July 2004, 
September 2008, and January 2007. Although 
each event had its own characteristics, they all 
covered apprsimately the ssime region from 
southem Puget Sound to southem Vancouver 
Island (Fig. 1). Before each of these events, we 
deployed focused seismic arrays to better locate 
‘and characterias ETS. Each array recorded one 
ETS event, The amays had $0 11 stations and 
their apertures ranged! fiom 0,6 to 2.0 kin fn this 
study, we usa five of these amays (Fig. 1) to 
filter out noise and 10 closely examine how the 
amplitude of tremor varies with time (22). This 
allowed us investigate whether nonvokanic 
tremor has «tidal periodicity, Two additional ar- 
rays that were deployed (LO in 2004 and BD in 
2007) and two individual stations (SE-I and 
PA-15) were not used because they were domi- 
nated by cultural noise 

‘The amplitude of the tremor varied over time 
‘and fiom aay to array (Fig. 2). The revoricd am- 
plitude ofthe tremor depended on both the stength 
‘ofthe tremor and the proximity of the array tothe 
migrating tremor source. For example, it is evi- 
‘dent that the 2007 ETS episode migrated from the 
south to the north, because early in the ETS event, 
the amplitudes were larger at the southem array 
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PL than at aay BS. A few days tater, amplitudes 
were largcst at array BS (Fiz. 2C). 

When examining the amplitude of the tremor 
for the 2004 and 2007 ETS episodes, ane can 
clearly identify a twice-a-day pulsing of tremor 
activity, and there are suggestions of such a 
Periodicity in the 200S episode (Fig. 2 and fig, 
SI). Once-a-day periods are also visible in sev- 
eral of the time series. The likely signals from 
tidal stresses would be roughly once- and twice- 
day signals from the gravitational influence of 
the Sun and Moon, As with all scismic data, we 
also have to contend with cultural noise that has 
a daily cycle and offen a week/weekend © 
These signals are visible, for example, in the 
nnontremor interval at the PA array (Fig. 2) 

‘To present a more quantitative evaluation of 
the periodicity of the tremor, we took a 13-day 
window of the tremor and computed its spec 
‘rum (22). The approximately twice-daily peri- 
odicity visible in the amplitude time series for 
cach array (Fig. 2) is even more clear when 
We examine the spectra during ETS episodes 
(Fig. 3), Atall five amays, there is a strong peak 
in the spectral amplitude at 12.4 hours, the pe- 
riod of the principal lunar tide, This is in con- 
trast with the characterization of the noise at 
these same arrays, many of which have a much 
weaker peak at periods of approximately 12 
hours. The strongest tidal forcing is at a period 
(of 12.4 hours, so, given its presence in all three 
ETS episodes. its absence at other times. and the 
lack of altemative sources, we can confidently 
identify the 12.4-hour peaks as duc to tidal stresses, 
The strong 12.4-hour periodicity of the tremor 
amplitudes is evident when one compares the 
‘tremor amplitudes to a sinusoid with 12.4-hour 
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periodicity (fig. $1). Many peaks in the tremor 
amplitude line up with peaks in an aligned 124- 
hour period sinusoid. 

To quantify the influence of the 12.4-hour 
hunar tide on the tremor, we examined the rela- 
tionship between tremor amplitude and its phas- 
ing in a best-fit 12.4-hour periodic model (Fig, 4), 
To do this, we converted time into a phase angle 
given a function with a 12.4-hour periodicity. 
This means that we can now express tremor am- 
plitude as a function of phase instead of time, For 
ach degree of phase, we computed the mean 
amplitude of the tremor over all ~25 times that 
Particular phase angle repeated in the 13-day 
‘window. We then stacked these curves for all five 
arrays deployed to get an overall sense of how 
the tides influenced the amplitude of tremor, 
Using this calculation, we find that tremor am- 
plitude varies smoothly as a function of phase in 
a sinusoidal fashion. Tremor amplitude varies 
strongly with phase: the variance of the ampli- 
tude is 33.4% fiom the mean, This is in strong 
contrast with the results from sume methodology 
applied 10 the noise, The noise shows 10 sig 
nificant amplitude variation with phase, having a 
variance of 3.3% fiom the mean. 

During the ETS episodes, we abso identified 
a strong peak in the spectra at range of periods 
fiom 24 to 25 hours, the period of the hinisolar 
and lunar declination tides (Fig, 3). This peak is 
more difficult to interpret than those at 124 
hours, because this is the period at which we 
‘would expect to identify cultural noise. In fact, 
‘we expect that the rather strong source at a 
period of 24 hours during periods without ETS 
is a result of cultural noise (Fig. 3C), Fortunate- 
Jy, we have no reason to betieve that the cultural 


Fig. 1. Map ofthe study 
region. Seismic arrays 
Used to record tremor (te 
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noise that we observe at our sites should be 
variable from any one period of time to another. 
‘Therefore, the much larger spectral amplitudes at 
periods of 24 10 25 hours during ETS than when 
ETS isnot occurring indicate that tremor is being 
strongly forced at daily periodicity in addition 
to the twice-dhily periodicity discussed earlier, 
We also note that the peaks in tremor amplitude 


Fig. 2. Tremor ampli- 
tudes for ETS episodes in 
2004 (A), 2005 (B), and 
2007 (O. Each line rep- 
resents the amplitude ofa 
stack of envelope ampli- 
tudes for a single array, 
‘each of which recorded 3 
single ETS episode. These 
stacks were low-pass fi- 
tered ata period of 1 hour 
to distil signals at the 
frequencies we are intes- 
‘ested in, Earthquakes and 
alitches were removed 
before stacking, Before 
‘computing the envelope, 
seismograms were band- 
pass filtered between 1 and 
8 He. The shaded regions 
represent a 13-day peri- 
‘od during each ETS epi- 


sode when tremor was ips 


‘that have an ~24-hour periodicity do not correlate 
with daylight hours, when cultural noise is at a 
maximum. This lends further support to our 
argument that the 24-hour periodicity of the 
tremor is real. Because of the complication of 
having two sources of energy that are periodic at 
24 hours and do not have the same phasing, we 
elected not to examine the relationship between 


2004 Tremor Activity 


‘Tremor 


ingest atthe arrays we were using. The ETS episodes for these events lasted longer than the 13-day 


windows highlighted; we focused on the periods when recordings of tremor were strongest, when the 


ETS sources were passing near the arrays. These 
periodicity of tremor. The dashed-boxed regions 
‘substantial teemor and were used to characterize t 
maximum amplitude. 


shaded regions are the regions used to analyze the 
represent a 13-day window in which there was no 
the notse, Amplitude was normalized at each array by 


> 10 
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%0 
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Fig. 3. Spectra of the 13-day windows of tremor (A and B) and noise (C and D). Shaded regions in (A) 
‘and (C) represent the region that is shown in a zoom in (B) and (D).(D) has been rescaled by a factor of 5. 
‘Amplitudes in each panel have been normalized so that the area under each curve in (A) is equal. The 
variation in amplitudes of the noise [(O and (D)] indicates the variation in the signal-to-noise ratios at 
‘individual arrays; that i, arrays with higher amplitudes of noise have lower signal-to-noise ratios. Dashed 
vertical lines indicate the strong tidal periods of 12, 12.4, and 24 hours. 
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amplinude and phase at these periods, because the 
noise and tremor would interfere with each other. 

We have conducted exploratory modeling of 
the ocean tidal stresses, finding. peak-to-peak 
values of 15 KPa on the Cascadia subduction 
imerface at depth. Solid-earth tides ane aso like- 
ly to be important, inducing stresses on the onder 
of S KPa (/3), A direct correlation of tremor 
with the phase of stressing proved beyond the 
scope of this study. Such correlation would re- 
‘quire tial stress calculations that account for the 
complexitics of tremor as a moving souree (4), 
variability in the orientation and even polarity of 
tidal stresses across the source region, and 
‘variability with depth forthe appropriate loading 
sgcomnetry. We did compare tremor amplitude and 
tidal heights (fig. S2), because the nonnal stress 
effect of water loading is simple: An increment 
in water increases nonmal stress witha diminish- 
ing effect with depth. We found that tremor is 
stronger at periods of high water and there 
Periods of increased normal stress, This is in fine 
With the findings of Shelly ¢ al. (23), who angue 
that the increment in. water height above the 
subducting sla will slightly decouple the sub- 
duction zone and thus allow for inereased tremor 
‘An aliemate explanation is to consider that the 
increase in water height above the overiding 
plate (and the tremor) is increasing friction on the 
already slipping subduction zone, causing the 
slow-slip event to radiate more energy. There ane 
Uundoubiedly other viable explanations for this 
correlation, but they require knowhadge of the 
shear stresses associated with ocean loading or the 
‘earth tides, which will both have a constant phase 
relative to the ocean tes and the tremor, 

Other recent studies have shown twice-dail 
tidal pesioictes in ETS tremor in Japan (23,24). 
To explain the propensity for tremor at cera 
ppeviods of time, they suggest that solid-carth 
tides (24) and ocean tides (23) increase the 
‘Coulomb faifure stress on the plate interface, We 
do not yet know whether the Coulomb model 
can explain our observations. 

We have shown that tidal modulation at both 
daily and wice-daly fiequencies is a pervasive 
feature of all three recent episodes in the best- 
instrumented tremor source region in Cascadia 
The stresses associated with these tides are on 
the order of 18 KPa, approximately 10° times 
smaller than the lthostatic stresses at the dep 
‘where tremor radiates. Although it seems im- 
probable that such small stress changes woul! 
have such a dramatic effect, there is supporting 
evidence that small stress changes can influence 
the genesis of nonvoleanic tremor. A recent study 
(25) has shown that nonvoleanic tremor was 
triggerad in Cascadia by the surfice waves of 
the moment magnitude 7.8 Denali earthquake, 
‘which imparted shear stress changes of ~40 Kpa. 
Similar observations of tekseismic earthquakes 
trigecring tremor haye also been made in Cal 
ifrmia (26) and Japan (27-29), 

Our observation that tremor is strongly mod- 
tated by the tides shows that the physical pro- 
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Fig. 4. Amplitude versus phase for 
2 124hour tidal cle, In this 
figure, we compare the variation of 
the amplitude of tremor during the 
13-day ETS windows (solid line) and 
the 13-day noise windows (dotted 
line) according to phase in the 
bestfitting 12.4-hour-period tidal 
‘ce. Phase for each array was 
determined by crosscortelating a 
12.4-hour-period cosine function 
with the tremor and noise ampli- 
tude functions. The ample for 
each degree at each array was 
averaged over the 25 to 26 times 


that phase occurred in the 13-day 75 
window examined, The amplitudes 
atthe five arrays were averaged for 


ry co 


18 
Phase (degrees) 


both noise and tremor and were then normalized so that the mean of each curve is 1. 


cosses underpinning nonvoleanic tremor are 
substantially different from those goveming earth- 
‘quakes, which are not typically affected by the 
tides. ETS appears to represent slow ongoing 
failure, and thus any inerement in stress should 
affect the failure rate, regardless of the stress 
state, We believe that this failure is oceurring on 
very weak faults, because small stresses will 
have a much langer effect on a. fowsstress fal 
than a highstress one. These faults could be very 
lowefriction of, similarly, occur in the presence of 
nearlithostatic pore pressures 
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Isotopic Evidence for Glaciation 
During the Cretaceous Supergreenhouse 


‘André Bornemann,*?* Richard D. Norris,? Oliver Friedrich, ? Britta Beckmann, 


Stefan Schouten,* Jaap S. Sinninghe Damsté,” Jennifer Vogel,* Peter Hofmann,* Thomas Wagner* 


The Turonian (93.5 to 89.3 million years ago) was one of the warmest periods of the Phanerozoic 
‘eon, with tropical sea surface temperatures over 35°C. High-amplitude sea-level changes and 
positive &*0 excursions in marine limestones suggest that glaciation events may have punctuated 
this episode of extreme warmth, New 6°80 data from the tropical Atlantic show synchronous shifts 
~91.2 million years ago for both the surface and deep ocean that are consistent with an 
approximately 200,000-year period of glaciation, with ice sheets of about half the size of the 
modern Antarctic ice cap. Even the prevailing supergreenhouse climate was not a barrier to the 
formation of large ice sheets, calling into question the common assumption that the poles were 
always ice-free during past periods of intense global warming, 


‘pte the extreme warmth of the Turonian 
D: 3) [935 to 893 million years ago 

(Ma) (4h it has been angued that there 
may have been several stages of continental 
‘growth during the period, reflected in both ero- 
sional surfaces and geochemical records. asso- 
‘cited with possible glaciation-induced sea-level 
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falls (5-7). Rapid decreases (<1 million years) 

sea level are known from diverse locations in 
the Turonian of northem Europe, North Amer 
ica, and the Russian Platform and are estimated 
at magnitudes of 25 10 40 m (7, 8) or even more 
(9). These rapid changes in sea level are too fast 
and too widespread to be accounted for by to 
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tonic processes and were therefore plausibly trig- 
gered by ghocioeustasy (7, 10). Further evidence 
comes from positive 8!%O excursions in marine, 
but diagenctically altered, limestone sequences 
(5. 11) and brachiopod isotope data (6), How- 
ever, evidence from sedimentological findings 
such as ice-atted debris is still lacking, and n= 
quivocal 80 records of wellpreserved open- 
ocean foraminifera are rare, ae of low resolution, 
‘or do not support the idea of Late 
sheets (/2), Moreover, there is only a poor under= 
standing of how lange ice sheets might grow in a 
period when tropical sea surface temperatures 
(SST) exceed 35°C (3, 13) and high-latitude tem- 
peratures are in excess of 20°C (2, 14), 
We used two independent techni 

timate SSTs during the early Late C 
One proxy is the 8! paleotvermometer, which 
‘we applied to monospecific planktic foraminif= 
ral samples from a 40-m-thick, organi carbon 

rich, laminated markstone succession of Turonian 
to Santonian age from the westem equatorial At- 
bantic at Demerara Rise {Ocean Drilling Program 
(ODP) Site 1259]. ‘These sediments contain 
planktic foraminifera with a “glassy” appearanc 

and pristine, well-preserved wall textures (/5). 
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‘This state of preservation is ideal for an exten- 
sive geochemical investigation in onder to recon 
struct past SSTS (/6). Comparison of the 50 
Values of plinktic and benthic foraminifera was 
also used to provide information on the global 
isotopic composition of oceans when compared 
‘ayainst a salnity-independent temperature proxy 
the tetrcther index of lipids with 86 carbon atoms 
(TEX) which is based on the distribution of 
‘erenarchaoo! membrane lipids (/7, 18). Because 
he growth of continental ice enriches seawater in 
M0, the 6! chemistry, when constrained by 
EXug temperature estimates, can be 
to estimate the size of continental iu 

Our tropical 8° O-derived SST estimates 
1¢ from ~H° to ~3°C [42 to 49 per mil 
(ho), Vienna Pee Dee belemnite (VPDB) stan- 
and] in the Turonian and from ~31.5° to ~38°C 
(265 to 44% VPDB) in the late Coniacian 
and Santonian (Fig. 1A), These values are in 
‘eoox! agreement with earlier estimates from spot 
measurements fiom the westem Atlantic (1, 3) 
and with low-resolution data from the organic 
paleothennometer TEX (/3). Newly generated 
TEX data indicate high SSTs of up w 36°C 
during the Turonian, followed by a shift to cooler 
temperatures during the Coniacian and Santoniany 
(Fig, 1B), Today, temperatures in the westem 
tropical Atlantic range thom 28° to 29°C (19), so 
‘our data suggest thatthe Turonian surface ocean 
\was $° to °C warner than at present 

The Turonian warmth Was punctuated by a 
shortived doerease in the 80 content of 
planktic foraminifera ~91.34 Ma [S23 meters of 
‘composite depth (med)] and a pronounced posi- 
tive 8 excursion centered on the CCH/CC12 
calcareous nannofassil biezane boundary ~91.2 
Ma (521.5 med) (Figs. 1A and 2A). The most 
ive 50 ratios in our record are found 
~91.34 Ma, but the implied SST peak 36°C) 
is not reflected in either the benthic Foraminit- 
cral 5% or the TEXse data (Fig. 2). Evidently, 
this 60 event reflects an episode of acceler 
tion of the hydrological cycle, causing a de- 
‘erease in the local sea surface salinity (Fig. 2C), 
and was followed at ~91.2 Ma by a synehro- 
nous positive shift in "0 in both planktic and 
benthic foraminifera, which lasted for ~200,000 
‘years, The magnitude of the positive 6%O excur- 
‘ion in planktic foraminitera is >In, whereas it 
is up 10 0.7% in benthic foraminifera, 
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Because TEXse temperature estimates are in- 
dependent of changes in seawater 80 (Gw) we 
calculated temperature anomalies based on paired 
measurements of both "0 and TEXss to quan- 
tify the change in 5w (Fig. 2C) produced by the 
possible growth of continental ice. The TEXeg 
data display only a 1°C decrease in surface ocean 
temperatures associated with the 91.2 Ma planktic 
‘oxygen isotope shift Therefore the remaining 
(0.410 0.6% anomaly during the 91.2 Ma event 
in planktic foraminiferal 6"°0, which is similar 
to the range suggested by the bemhie foraminif- 
«ra (03 t0 0.7%), must primarily reflect changes 
in dy rather than ocean temperature alone, Both 
the surface ocean and the deep sea floor (esti- 
mated to be at depths >1500 m) (20) show the 
Positive 6'%O anomaly, making it unlikely that 
this signal reflects local changes in surface ocean 
salinity. Its much more likely thatthe synchno- 
fous change in benthic and planktic foraminif= 
eral 8"O was produced by sequestering '°0 in 
lacial ioe, causing a whoke-ocean increase in By. 

The middle Turonian is characterized by a 
series of short-term relative sea-level changes 


I 
i 
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(9, 21) that are consistent with our placioeustatic 
interpretation of the isotopic record. Two major 
‘widespread unconformities, Tu2 at 91.2 Ma 
and Tu-3 at 90.9 Ma (27, 22), corespond to sea- 
evel falls of at east 25 m (9, 22) and occur close 
to the CCLVCC12 nannofosil zone boundary 
(O12 Ma) (/. Data fiom the Russian Platform 
(8) suggest a drop in sea level of up to 40m at 
~91 Ma, and a further drop by ~25 to 30 m is 
reported from the New Jersey margin at the 
CCHVCCI2 boundary (7, 10). The seartevel 
record fiom the Russian Platform is particularly 
Jmportant because this region is generally regarded 
as tectonically stable, making it a partic 

good place to estimate global sea-level chan 
A large-scale unconformity has also been re- 
ported fiom the Western Interior Basin (25) and 
‘northwest Europe (24) in the lake midlle Turonian, 
Because of stratigraphic uncertainties and the 
lack of sophisticated supraregional stratigraphic 
concepts, itis not elear which of these uncon- 
formities comespond 10 the observed positive 
8'%0 shift, However, the widespread occumtenc 

of high-amplitude relative sea-level changes sup 
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Fig. 1. Stratigraphy and calculated $STs based on planktic foraminiferal 60 and TEX data for the 
Turonian to Santonian interval at ODP Site 1259 (33), Demerara Rise, western equatorial Atlantic. (A) 
‘540 data based on monospecific planktic foraminiferal and corresponding conservative SST estimates. 
{B) TEXgg values and the calculated SSTs. The late Turonian 5%*0 peak interval is estimated to represent 


~200,000 years (200 ky). T, temperature. 
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pos the hypothesis that continental ice may have 
formed in the middle Turonian. Our biostratig- 
raphy and the 3C record (fig. $2) sugsest that 
the positive 80 shift is synchronous with the 
Pewsey Event in westem Europe (25, 26), which 
is considered to have been associated with ro- 
gional cooling based on bulk-rock 6™%0 data and 
faunal pattems from westem Europe (17) 

The magnitude of the sea-level fll associ- 
ated with the 91,2 Ma 8!0 shift is constrained 
by four variables: (i) our 03 10 0.7%a Sy anom- 
(i) the magnitude of the late Turonian sea- 
level fll [-25 to 40 m (7,8), ii) an estimate of 
the relationship between sea level and 60 
[0.11% VPDB 8!0 per 10 m of sca-kvel fall 
inthe Quaternary (27) and (075% VPDB 6% 
per 10m of scalevel fill in a war climate 
scenario (7) and (iv) the estimated 8!%0 com 
jon of Cretaceous ice. The first three 
Variables are well known, whereas the isotopic 
composition of Cretaceous iee an be constrained 
between the average moxkem value for the Ant- 
arctic ice cap [-4%0 Vienna standard mean 
‘ocean water (VSMOW)] (7) and the predicted 
ice composition for past warm climates (-30%e 


VSMOW) (7. 28). Given the modem 80 com- 
Position of the Antarctic ice cap, the observed 
5""O anomaly is consistent with a sea-level fall 
of 27 to 64 m. Today. the Antarctic ice sheet 
stores sufficient water to change global sea level 
by 61 m (29), Therefore, our calculated volume 
of the Cretaceous ice sheet is equivalent 10 44 10 
105% that of the modem Antarctic ice sheet. IF 
‘Crstccous ice haat a 8%O composition of 30% 
VSMOW, the 91.2 Ma event would be consist- 
cet with a sea-kvel fall of 4010 93 m and an 
Volume 66 10 152% that of modem Antarctica 
We propase that any lange Turonian ice shect 
was probably located on Antarctica, given the 
polar position of the continent and the wide- 
spread areas of elevated terrain (with altitudes of 
1500 to 2500 m) when the modem ice cap is 
isostatcally removed (30). However, the uplift 
story of the Transantarctic Mountains before 
the Cenowoic is very poorly known and may have 
mmenced during the Cretaccous (3/) oF the 
Eocene (32), Wann tropical and subpolar SSTS in 
the Turonian (7-3) woukd scem to preclude 
substantia ice development at or near sca level, 
even on Antarctica, emphasizing the need for 
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Fig. 2. Detailed data from the CC11 and CC12 calcareous nannofossil biazone interval of ODP Site 
1259 (33). Data are plotted against absolute age (4) (table S1) and cover the interval from 518.02 to 
530.78 med in Fig. 1. (A) The raw planktic foraminiferal 60 data (see Fig. 1 for symbol explanation) 


and TEX, data; both are plotted on the same scale 


with respect to the estimated SSTS in Fig. 1. (B) 


‘50 and TEXyg anomalies were calculated in reference to sample 12598-22-4, 75~76.5 om (530.08 mcd, 
91.93 My). In (B) and (C), only those samples are shown from which both proxy data types (63*0 and 
TEXqa) are available. These anomalies were then converted to expected dy anomalies (O by application 
of a S™OMT relationship of -0.208%e/°C. The resulting dy anomaly was then assumed to reflect 
changes corresponding to surface water salinity changes due to shifts in the predpitation/evaporation 
balance. The salinity anomaly field represents  dy/sainity relationship of 0.30%e/practical salinity 
units (p...) (33). (D) 3490 data from two benthic foraminiferal taxa show a positive 3°*0 shift of 0.3 


to 0.7%o within ~200,000 years, which parallels the 
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further work on the paleoelevation history of the 
continent. 

It is unlikely that an ice sheet of the size of 
the modem Antarctic ice cap existed in the Cr 
taceous, both because of the warm surface tem 
peratures noted above and because there is: no 
evidence for the ice-rafted debris that should be 
present in the Southem Ocean if all of Ant 
fica had been glaciated. However, an ice cap of 
Lup to ~60M% the size of the modern Antarctic ice 
sheet is plausible given the constraints imposed 
by the sea-level record, as well as our estimate 
of the change in mean ocean Sw, and our 44% 
VSMOW estimate for the isotopic composition 
of glacial ie, These results also imply that the 
3° composition of Tistnias pol prosipitation 
‘was not substantially heavier than today and 
contradict expectations that greenhouse warm 
ing should decrease finctionation during vapor 
transport from mid- 1 high latitudes (7, 28). 

We are left with the apparent paradox. that 
the prevailing extraordinarily high tropical tem 
peratures during the Turonian were nota barier 
to the initiation and growth of large continental 
ice sheets, The development of these ice sho 
‘ould be attributed to an inerease in the activ 
of the hydrological eyes, which must have ini- 
tiated more humid conditions and enhanced pre- 
Gipitation in the high latitudes. As with periods 
‘of Cenovoic ive growth, the initiation of Cre 
ceous ice expansion may have been triggered 
bby orbital dynamics, because the ~200,000-year 
duration of the 91.2 Ma event is similar to the 
half period of the 400,000-year eccentricity ey 
cle. Our results sugges that fairly large ice sheets 
cou! grow and decay equally rapidly, whicl is 
Very much the same pattem as during the Pleis- 
tocene. However, unlike the Pleist 
ceous ice sheets were apparently not a regularly 
recurring phenomenon, possibly because the 
extreme warmth of the Turonian, the paleo 
c orbital configura 
e sheet development 
only under certain rire conditions. Our results 
fianther suggest that the common assumption 
that ice sheets did not exist during periods of 
past supergreenhouse climates should be reex- 
amined, with implications for paleotemperature 
«estimation, the determination of the ust isotopic 
composition of seawater, and high-latitude ter= 
restrial climate reconstruction, 
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Breakdown of an Ant-Plant 
Mutualism Follows the Loss of Large 
Herbivores from an African Savanna 


Todd M, Palmer,**** Maureen L. Stanton,?** Truman P. Young,** Jacob R. Goheen,** 


Robert M, Pringle,*” Richard Karban® 


‘Mutuatisms are key components of biodiversity and ecosystem function, yet the forces maintaining 
them are poorly understood. We investigated the effects of removing large mammals on an ant- 
‘Acacia mutualism in an African savanna, Ten years of large-herbivore exclusion reduced the nectar 
and housing provided by plants to ants, increasing antagonistic behavior by a mutualistic ant 
associate and shifting competitive dominance within the plant-ant community from this nectar 
dependent mutualist to an antagonistic species that does not depend on plant rewards. Trees 
‘occupied by this antagonist suffered increased attack by stem-boring beetles, grew more slowly, 
and experienced doubled mortality relative to trees occupied by the mutualistic ant. These results 
show that large mammals maintain cooperation within a widespread symbiosis and suggest 
complex cascading effects of megafaunal extinction, 


bligate mutualistic relationships among 

species ous and central to 

ecological function and the maintenance 
of biodiversity (/-5). The symbiosis between 
ants and plants, which involves many species 
throughout the tropics, was the first cocvolved 
utualism to be thoroughly elucidated by cool 
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‘ogists (6). Many studies have shown the ef 
‘of ant mutualists in deterring herbivory (7) and 
explored the costs and benefits accruing to the 
interacting partners (8). However, although the 
importance of large herbivores in the evolution 
and maintenance of these interactions has been 
hypothesized (9, 10. it has never boen shown. 
We investigated the effects of lange mamma- 
lian herbivores on an ant-tcacia mutualism in an 
African savanna, The whistling-thom tree, Acd- 
cia drepanotobium, dominates beavy-clay soils 
across lange expanses of upland East Africa (1). 
At branch nodes, A. dhepanolobim produces 
either slender stipular thoms or hollow swolle 
thoms that serve as ant housing (“domatia” 
The tree also secretes a carbohydrate-rich nec- 
tar from extrafloral glands located near the 
bases of leaves (/2). At our study site in Kenya, 
four species of ants (Crematogaster mimosa, 


©. sjostedti, C. nigriceps, and Tetraponera pen- 
Zigi) compete for exclusive possesion of host 
tives and vary strongly in both their defense of 
the hast trees and their use ofthe tree’ “rewards” 
Lie. domatia and nectar (11, 13)). Crematogaster 
imimosae aggressively defends host twes from 
hetbivores and relies heavily on swollen-thom 
domatia, where they raise brood, house work 
and occasionally tend honeydew-producing scale 
insects (Coecidie) (//), In contrast, C. sjostedi 
iy a lessaggressive defender of host plants (3) 
and, exelusively among the four ant species, 
does not nest it domatia but rather in stem 
cavities excavated by the larvae of long-hornead 
beetles (Corambyeidae). Under natural conditions, 
CC. mimosae is the most abundant ant symbiont, 
‘occupying ~S2% of all tees at our sites, whereas 
C. sjosteii occupies ~16% of host plants. 

‘The remaining two ant species, C. nigriceps 
and T. percigi, also occur in relatively low abuin- 
dance (15% and ~17% of trees, respectively), 
and cach uses distinctive behaviors that reduce 
the likelihood of hostile takeover by the com 
Petitively superior C. mimosae and C. sjostt 
Crematogaster nigriceps is an effective defender 
(13, 14) but also prunes axillary buds and kills 
apical meristems, which reduces lateral canopy 
spread and thus the lkelibood! of contact with tees 
‘occupied by hostile colonies (15), Tetraponera 
pencigi, an intermediate protector, destroys its 
hostplants” nectarcs: a “scorched-canth” stratezy 
that reduces the probability of takeover by nigh 
boring nectardependent Crematogaster colonies 
(16). All three Crmatogaster species derive at 
least some of their energy by foraging offre 
for insects: in contrast, 7 penziyi seldom leaves 
its host and appears to subsist by gleaning small 
food items (e.z.. pollen and fungal spores) from 
the surfaces of its host (/7). 

In 2005, we sampled A. drepanolobiian trees 
(1.8 to 3.0 mn in height) in 12 plots (4 ha each) 
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situated within three replicate blocks ofthe Kenya 
Long-Tertn Exclosure Experiment (KLEE) (/8). 
In cach block, two plots were accessible 10 all 
Wildlité, and in the other two (hereafier called 
“exclosures”), all wild herbivores >15 ke had 
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Fig. 1. Rewards produced in the presence (white 
bars) and absence (gray bars) of large herbivores 
by A. drepanolobium occupied by different spe- 
cies of Acacia ants. Ant species’ abbreviations are 
indicated as: Cs, C. sjostedti; Cm, C mimosae; Cn, 
. nigriceps; Tp, T. penzigi. All means shown are 
averages across six plots + SEM. “Ant species,” 
herbivore-exclusion treatment (“treatment”), and 
their interaction all had significant effects on the 
production of host-tree rewards [multivariate anal- 
ysis of variance (MANOVA), Wilk’s lambda; for ant 
species: Faye = 80.7, P < 0.0001; for treatment: 
Faxz = 754, P < 0.002; forthe interaction: Faye = 
2.3, P = 0.04], There was no significant block ef- 
fect on overall reward production by host plants 
( > 0.30). (A) ANOVA revealed a significant ant 
species x treatment effect nae = 4:3, P = 001) 
‘on mean production of active nectaries by host 
plants. There was no significant block effect on 
mean nectary production (P = 0.4). Asterisks 
indicate significant diflerences in planned contrasts 
‘of mean production of active nectaries by species 
between treatments, (), P = 0.06; *, P < 0.001. 
Nectary data are not shown for T. penzigi because 
this species actively destroys all host plant nectaries 
(26). (B) Both ant species (ANOVA, Fs.3s = 39.5. 
P< 0.0001) and herbivore-exclusion. veatment 
(ANOVA, Fi35 = 8.0, P < 0.01) were significant 
‘sources of variation in the mean number of swollen 

thorns produced by host plants. There were no ant 
species x treatment (P > 0.5) or block (P > 0.2) 
effects on mean swollen-thorn production. 
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‘been excluded continuously since 1995 (/8, 19). 
This gave us six replicates per treatment, divided 
among three blocks in a stratified random design 
19.20. 

In the absence of browsing by lage herbi- 
vores, A. drepanolobium wees decreased their 
investment toward supporting symbiotic ants. A 
single decade of herbivere exclusion resulted in 
reduced rewards (both extraloral nectaries and 
swollen thoms) provided to ants by trees (Fig. 1). 
Within exclosures, reduction of leaf nectar gland 
rowands was strongest for trees occupied by C 
sjastedd and C. mimesae, wheras the abundance 
of “active” nectaries (/7) did not decline sig- 
nificantly on trees occupied by C. nigriceps 
(Fig. 1A), From the plants perspective, the pruning 
behavior of C nigricep: may simulate browsing 
bby herbivores, inducing host trees to provide 
ore rewanls to C. nigriceps symbionts even in 
the absence of browsers (//. 20, 27). Production 
‘of domatia by host tres was also significantly 
reduced by herbivore exclusion (Fig. 1B), Sim- 
ilar to the observed reductions that occurred for 
ncctaries, reductions in swollen-horn densities 
for hast plants occupicd by C. nigriceps were 
negligible relative to trees occupied by the other 
three ant species. Differences in the density of 
active nectares and swollen thoms between ex- 
closure treatments almest certainly do not result 
from trait-specific variation in tree rvruitinent or 
survivorship over the 10-year duration of this 
‘experiment: sampled host trees ane estimate 10 
be 47 to 70 yews old (/8), and there were m0 
significant differences in tee density among tret- 
ments within this size clas of toes [analysis of 
Variance (ANOVA), for treatment: Fy, = 037, P- 
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Fig. 2. The proportion of host trees occupied by 
the four Acacio-ant species in the presence of large 
herbivores (white bars) and in plots from which 
large herbivores had been excluded (gray bars) for 
10 years. Means shown are averages across six 
plots = SEM. MANOVA revealed significant differ- 
fences in Acacia-ant species composition in plots 
with and without large herbivores (Wik’s lambda, 
Fay = 17.9, P < 0.02). There were no significant 
black (P = 0.13) or treatment x block (P = 0.65) 
effects on Acaciaant species composition. Asterisks 
indicate significant differences in planned contrasts 
of the relative abundance of each ant species be- 
tween treatments. *, P < 0.003; *, P< 0.01. 
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0.36] (/8). Rather, reductions in swollen-thom 
and nectar provisioning likely represent pheno- 
typically plastic responses by host plants to the 
reduction of browsing pressure (/8), as_ with 
previous studies demonstrating both the rekasa- 
tion and experimental re-inducibility of stipular 
thoms in 4. drepanolobiun in the mammal ex- 
closures (20), 

The experimental exclusion of hinge herbivores 
caused marked shifts in the community of sym- 
biotic ants occupying A, dhepanolobiun (Fig. 2) 
In the absence of browsing by large herbivores, 
the proportion of trees occupied by C. sjostedti 
doubled, with this species becoming the most 
abundant symbiont (7) In contras, the prop 
tion of trees occupied by C mimosae decreased 
bby more than 30% (Fig, 2), There were no sig- 
nificant differences between treatments in the pro 
portion of host tees occupied by the Kess-commen 
guild: members C. nigriceps (P= 04) and. 
penzigi (P= 0.9) (18), Herbivore exclusion also 
reduced the average size of individual C. mimenae 
colonies by 47% (planned contrast, P < 0.001), 
‘while having no significant effect on avers 
colony size for C sjastedii (P= 05), C.nigriceps 
(P= 09), o€ T. penzigi (P = 0:5) (18). 

In addition to shifting the community struc 
ture and competitive relationships among ant 
symbionts, the exclusion of large herbivores in- 
creased the frequency of apparently antagonistic 
behavior by C mimasae. After reductions in the 
production of leaf nectar glands within the 
erbivore-cxclusion treatment, C. mimosae was 
twice as likely, on average, 10 tend sap-sucking 
homopieran scale insects (sale insects. were 
tended ont 19.4 versts 9.7% of branches surveyed 
for exclosures versus open plots, respectively: 
Jogistic regression, for treatment: chi 
1230, df= 1, P= 0.007) (18). 

In addition, aggressive recruitment in respense 
to experimental disturbances: of host plants. wats 
0% lower for C. mimasae workers in herbivore 
cexclosures versus unencad plots (lig. SI; planned! 
contrasts, P << 0.0001) (14), whereas herbivore 
exclusion had no significant effets on host- 
defending behaviors in the three other daca 
ant species (planned contrasts, P > 04 for all 
comparisons) (18), Thus, tes occupied by C. 
‘mimosae within exclosures are likely 0 experi- 
cence both increased costs (duc to increased 
tending of scale insects by their associate ants) 
and decreased benefits (due 10 the ants? relucedt 
aggression in response to experimentally induced 
disturbance). 

Changes in Acacia-ant community structure 
and C mimosae colony size appear to be driv 
bby differences among the four ant species in the 
degwe to which they depend on host-plant re- 
wards. The greater reliance of C. mimasae and 
. nigriceps: on nectar rewards from host trees, 
‘relative to that of C. sjasedi is indicated by their 
much higher rates of attendance at active noc 
taries [mean number of workers attending nee- 
taries (= SEM) = 202 (= 037), 3.76 ( 038), 
and 0.1 (= 0.06) for C. mimosae, C. nigrice 
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and C. sjostedti, respectively; ANOVA, Fosse = 
61.04, P-< 0.0001) (/8) and by their relatively 
lower values of C!°N [a stable-isotope signature 
indicating that C. sjostedti derives a greater pro 
portion of its diet from higher trophic levels 
(22), namely other arthropods (23, 2). When 
large herbivores are excluded, a reduction in 
the availability of active nectares on tees appears 
to reduce average colony size, defense of host 
plants, and the relative abundance of nectar- 
dependent C; mimosae, all in favor ofits parasitic 
competitor, C. sjostedti. In contrast, although 
C. nigriceps also depends heavily on nectaries, 
branch pruning by this species appears to main- 
tain the production of active nectaries by its hast 
trees (Fig. 1A), even where herbivores are ab 
sent (/5, 20, 21), 

‘The reduction in ant domatia on host trees 
that resulted thom herbivore exclusion also ha a 
lisproportionate negative impact on C mimesae. 
This species depends entirely on swollen thorns 
fior nest space, whereas C. sjastedti houses exes, 
luvae, and pupae exclusively within stem 
ities excavated by cerambycid beetle larvae. 
Again, although © nigriceps also raises young 
‘exclusively in domata, pruning by this species 
may help to maintain domatia production by host 
tives. Finally, the relative abundance of 7 perzigh 
\was not influenced by herbivore exclusion, Be- 
‘cause this species destroys its host-plant’s nec- 
taries (16), very nircly undergoes aggressive 
colony expansion (25), and is often able 10 resist 
invasion by neighboring ant colonies (/3) 7 


2 


Fig. 3. Average annual growth (white 
bars + SEM) and cumulative mortality 
(aray bars) for host trees occupied by the 
four Acaciaant species over an 8-year ob- 
servation period. Average annual. growth 
increments were calculated for trees con- 
tinuously occupied over an 8-year period 
by each ant species, with = 158, 192, 
162, and 75 for trees occupied by C 
sjostedti, C. mimosae, C. nigrceps, and T. 
penzig, respectively. 


2 


Proportion of trees dying 


Fig. 4. Long-homed beetle 
(Cerambycidae) attack on 
antremoval (gray bars + 
‘SEM) and control trees (nite 
bars + SEM) occupied by the 
four Acaciaant species (0 = 
9 to 12 tees per ant species 
er treatmend. Significance 
levels for effects of ant re- 
moval on new beetle damage 
sites are shown for one-way 
ANOVA models conducted 
separately on each ant spe- 
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pencigt is less alfocted by variation in host-plant 
rewards than C. mimosae. 

Because C. sjostedti derives much of is diet 
from terrestrial invertebrates, increased arthro- 
pod abundance after mammal exclusion might 
favor that species. However, this ts unlikely to 
explain our results, Extensive sampling within 
experimental plots (/8) demonstrated that nci- 
ther the mean abundances of arboreal, herba- 
‘ccous, and lerestrial non-ant arthropods, nor the 
mean biomass of herbaceous and terrestrial non- 
ant arthropods, differed. significantly between 
herbivore-exclusion and control plots (¢ tests, P> 
0.1 for all comparisons) (18). This finding is 
consistent with a previous stuly showing no di 
ferences in total arthropod! abundance across 
these treatments (26), 

Thus, herbivore exclusion effets dramatic 
changes in the Aeacia-ant community. but how 
do these changes feed back to the host plants 
themselves? Counterintuitively, the loss of large 
herbivores that browse on A, drepamnolohiu is 
likely to have stone negative impacts on the 
‘growth and survival of these trees, mediated 
through changes in the abundance of dominant 
ant symbionts. Fight years of longitudinal data 
for >1750 marked A. depanolobium individuals 
(U8) show that tres occupied by C. sjostedit 
‘grow markedly more slowly and sufler twice the 
romtality as compared with trees occupicd by 
the other three ant species (Fig. 3). The reduced 
vigor and higher mortality of C. sjovtedti 
‘occupied trees are likely ted to stem damage 
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Ges, after the discovery of a highly significant interaction (18) between ant species and the ant-removal 
treatment. (9), P = 0.07; *, P= 0.02; **, P = 0.005. The left panel shows cavities excavated by boring 
beetle larvae within a longitudinal cross section of a main stem of A drepanolobium. An adult 
‘cerambycid beetle discovered within this stem is also shown. 
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by wood-horing cerambycid beetles that create 
nesting spaces for C. sjastedti, An ant-removal 
experiment (18) revealed that C sas actively 
facilitates atack of its host tees by cerambycid 
beetles. Aller 18 months, atack by fong-horned 
beetles decreased by 77% on trees from which 
C. sjosteti had been removed, relative 10 trees 
‘where colonies were let intact (Fig. 4). In con- 
trast, © nigriceps and C. mimasae appear to 
actively protect their host trees from attack by 
these beetles (Fig. 4). The facilitation of these 
highly destructive (27) tre-boring insects by C. 
sjostedti provides a mechanism for the negative 
impact of this ant on tree growth and survival, 

Our results indicate that the large herbivores 
typical of Affican swannas have driven the 
evolution and maintenance ofa widespread ant- 
Acacia smutualism and that their experimentally 
simulated extinction rapidly tips the scales away 
fiom mutualisi and toward a suite of antagonis- 
tic behaviors by the interacting species. Browsing 
by lange herbivores induces greater production of | 
rncctary and domati rewards by trees, and these 
rewards in tum influence both the behavior of 
‘specialized, mutualistic ant symbiont and the 
‘outcome of competition between this mutualist 
and a non-obligate host-plant parasite, Where 
hetbivores are present, the carbohydrate sub 
dy provided by hast trees plays a key role in 
the dominance of the strongly mutualistic C 
‘mimasae, which is consistent with the hypoth- 
«sis that plant exudates fc! dominance of canopy 
ant species that are specialized users of these 
abundant resources (28). In the absence of large 
herbivores, reduction in host-ree rewards to ant 
assoriates results in a breakdown in this mutual: 
ism. which has strong negative consequences for 
Acacia growth and survival. Ongoing, anthropo- 
genic loss of lange herbivores throughout Africa 
2%, 30) may therefore have strong and unan= 
ticipated consequences for the broader commu 
nities in which these herbivores occur. 


Reterences and Notes 
1. D.A Warde e o, Science 304, 1629 (2004), 
2 GP. nes, ML. McCormick, M. Srinasan J. V. Eagle, 


274,303 


4. RW. Hardy, UD, Havel, Science 188, 623 (1975). 

5. LL Sachs, EL Sims, Trends Ecol vol. 24, 585, 

(2000). 

.K. Janzen, Univ. Kans. Sc Bul. 47, 315 (1967). 

MMi, D. Mekey, Annu. Re. Eco. Syst. 34,425 (2003). 

WE Frederisen, Oecologia 143, 387 (2008), 

.H.Janzen, Ecology $3, 885 (1972). 

W.L Brom je, Ecology 42, 587 (1960, 

1.P. Young, CH. Stubblefield L.A. bel, Oecologia 

309, 98 (1997) 

8 Hocking, Trans R. Entomol. Soc London 122, 211 

ag70), 

J. TM. Palmer, . Young, MLL Stanton, E. Wenk, 
Oecolegio 123, 425 (2000), 

Staple, Oecologia 125, 401 (1998). 

LL Stanton, TM. Palmer, TP. Young, A Bans 

NLL Tomer, Nature 402, 578 (1999). 

1M Palmer, T . Young, ML. Stanton, Oecologia 133, 

372 (2002). 

WLM Wheeler, |. Bailey, Trans Am. Philos. Soc. 22, 

235 (1920), 


vy. 


awe sciencemag.org, 


18, Materials and methods are aailable as mpporting 
material on Since Online. 

19. 1. Young, B.D. Oke, 0. Kinja, TM. Palmer, A. 
‘Range Frage Si. 14, 94 (1998). 

20, M. Hunteinge,R. Karbon, P. Young, T, ML Palmer, 
Ecology 85, 609 (2008), 

TP. Young. M. Stanton,  E Christian, Oitos 102, 

171 2003). 

22, 1. Palmer, Ecology 84, 2843 (2003) 

23, 8. Peterson, Bry, Annu Rew Eco St 18,293 (198. 

24, 0. M. Post, Ecology 83,703 (2002) 

25, MLL Staton, TM, Palmer, TP. Young, Ecol. Monogr. 
72, 347 (2002). 

26, RM. Pringle, T.. Young, D1. Rubenstein . |. McCauley, 
Proc Natt Acad Set USA 104, 193 (007), 

27, EG Brckeroll, AM. Lebhold, Jacl, Con J Fox 
es, 36, 263 (2006) 


28, 0. W. Davidson, Biol J Linn Soc. 62, 153 (2997). 
23. LT. Da Tot DH. ML Cumming, iodiversty Conse. 8, 
1643 999), 
30, WK. Otc, |. De Leen, AK. Skidmore HH. irs, 
MY. Said AF. Ecol 38, 202 (2000) 
We thank J Lembot and the exellent stat t Mpala 
Research Cente and Mpala Ranch fr logistical support, 
students fom The Hema Wildlands Program fr field 
_sigance, and the Gorton Lab (Stanford Universi), 
Koch lab (University of California), Siliman Lab 
(Univerty of Flori), X Rudolph, and four anonymous 
reviewers for help comments on the manescigt. 
This work mas funded by NSF grants DE8-0089706 and 
‘DEB-OL44741 1 TALP. MLLS. and TY. The ME 
lt wete bult and maintained with grants fam the 
James Smithson Fund ofthe Smithsonian institution (to 
‘Smith, toe Mabonat Geographic Society (4691-99), 


aL 


REPORTS. M 


[NSF (B5R-97-07477 and BSR-03-16402), and the 
‘Aan Elephant Program ofthe U.S. Fish and Wilde 
Sendice (96210-06563) (to TPL). This research was 
‘arted out under the auspices ofthe Ministry of 
‘tucaton, Science, and Technology ofthe Republic of 
enya (Permit umber MOEST 13700138 17, This paper 
's dedicated tothe memory of Otis Tout Falmer, a tue 


10 October 2007; accepted 28 November 2007 
10. 126/cience.1151879 


Endothelial Progenitor Cells Control 
the Angiogenic Switch in Mouse 


Lung Metastasis 


Dingcheng Gao, Daniel }. Nolan, Albert 5. Mellick, Kathryn Bambino, 


Kevin McDonnell, Vivek Mittal” 


‘Angiogenesis-mediated progression of micrometastasis to lethal macrometastasis isthe major cause of 
death in cancer patients. Here, using mouse models of pulmonary metastasis, we identity bone 

marrow (BM)-derived endothelial progenitor cells (EPCs) as critical regulators ofthis angiogenic switch, 
‘We show that tumors induce expression ofthe transcription factor I in the EPCs and that suppression of 
11 after metastatic colonization blocked EPC mobilization, caused angiogenesis inhibition, impaired 
pulmonary macrometastases, and increased survival of tumor-bearing animals. These findings establish 
the role of EPCS in metastatic progression in preclinical models and suggest that selective targeting of 
EPCs may merit investigation as a therapy for cancer patients with lung metastases. 


isseminated malignant primary tumor 
Distt Sti 

through bone marrow (BM)-derived 
premetastatic niches (/, 2), to fom donnant 
Iicrometastases (3), In some eases, these micro 
metastases activate the angiogenic switch and 
progress to macrometastases (4, 5). The cellukar 
and molecular mechanisins regulating the angi- 
‘ogenic switch and the dynamics of vessel assem 
bly during the progression of micrometastases to 
imuacrometastases remain poorly understood, which 
Jimvits the utility of antiangiogenic approaches to 
controlling metastasis. In this study, we have 
investigated whether BM-derived endothelial pro- 
_genitor cells (EPCs) contribute to angiogenesis- 
mediated progression of micrometastases into 
deadly macrometastases, 

‘To facilitate tracking of both metastatic tumor 
cells and BM-derived cells in vivo, we implanted 
Lewis ling carcinoma cells stably expressing red 
Auorescent protein (LLC-RFP) into syngencic 
mice reconstituted with BM cells expressing 
‘green fluorescent protein (GFP BM) (fig. SIA) 
(6). After primary tumor resection (fig. SIB), 


Cancer Genome Research Center, Cold Spring Harbor 
Laboratory, Cold Spring Harbor, NY 11724, USA. 

“To whom correspondence should be addressed. Emait: 
smital@eshedu 


www.sciencemag.org 


numerous REP* pulmonary micrometastases (<1 
mim in diameter) were detected by stereomicro- 
scopic imaging at day 14 atler tumor inoculation 
(12 on average per animal) (ig. SIC). The total 
number of metastases inereased with time (aver- 
age 22 and 35 per animal at day 21 and day 28, 
respectively) (Fig. 1A), with a concomitant in- 
crease in macrometastases (21. mm in diameter, 
47% at day 28) (Fig. 1A), which indicated a time 
Window of micrometastsis to macrometastais 
progression. We next determined whether this 
\window of metastasis progression was associated 
With the angiogenic switch. Immunohistochemical 
staining showed that the micrometastatic foci 
(day 14) were largely avascular, as determined 
bby a ick of CD31” vessels (Fig. 1B, top). In 
contrast, macrometastatic foci (days 21 to 28) 
were infiltrated with many CD31" neovessels 
Of various sizes (Fig. 1B, bottom), which sug- 
gested that these lesions had undergone an an- 

jogenic switch during their expansion in size. 
As expected, many BM-derived GFP™ cells 
Were recruited to both micro- and macro- 
metastases (fig. SIC and Fig. 1B). Although a 
majority of these cells represented hemato- 
poietic lineages, as previously described in pri- 
mary tumors (7) (lig. S2A), we focused on 
BMderived endothelial cells that directly con- 
tribute to neovascularization (8). Microscopic 
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analysis of macrometastases showed that a sub- 
set of neovessels had incorporated BM-derived 
‘endothelial cells [GFP'CD31” (Fig. 1C)}, Lami- 
nal incorporation was confined by optical s 
tioning microscopy, which showed that the GFP 
and CD31 signals were localized to the sume 
individual cell in all three dimensions [supporting 
‘online material (SOM) text, Note 1, and (fig. 
2B), Functional incorporation of BM-drived 
‘endothelial cells was quantified by systemie per 
fasion of Nuorescently labeled isolectin GS-1B4, 
which specifically binds to the luminal surface 
‘of endothelial cells in vessels with active blood. 
circulation (8, 9 Macrometastases: were dis- 
sevted from the lungs, and fluorescence activated 
cell sorting (FACS) analysis showed that the 
Tuminally incorporated BM-terived endothe! 
calls (GEP’ Lectin’ CD31CDII1) represr 
average 12.7 

(Lectin’CD31°CDHb>) (Fig. 1, D and E). 

‘To confirm that these events also occur in a 
model of spontancous metastasis, we transplanted 
syngeneic GFP” BM into MMTV-PyMT trans- 
Beni mice, mode! of breast cancer. Pulmonary 
‘micrometastases were detected in the mice at 12 
‘weeks of age, and these lesions progressed into 
‘numerous macrometastases by week 16 (Fig. 2A), 
Notably, GFP" BM-derived cells colocalized with 
themetastatic ksions (Fig. 2B), Asobserved in the 
LLC model, the micrometastases 
and lacked CD31” vessels (Fi. 
metastases were infiltrated by CD31" ncovessels 
(Fig. 2D), which indicated that these lesions had 
undergone an angiogenic switch at this defined win 
«dow, Histology revealed vessel-inoorporatcd GFP* 
CD3I* BM-derived endothelial cells (Fig, 2), 
Further quantification showed that 11.7 = 3.7% 
‘of vessels in the metastases contained incorporated 
GEP* BM-derived endothelial cells (Fig. 2F). 

We have previously shown tht the BM derived 
‘endothelial cells are derived from progenitor cells 
defined by cell surface expression of vascular 
endothelial (VE)-cadherin, vascular endothelial 
growth factor receptor 2 (VEGFR2), dim CD31, 
and Prominin I and lack various hematopoietic 
markers (8). Analysis of micrometastases showed! 
infiltration of BM-derived GFP* VE-cadherin” 
EPCS in the peripheral region of the lesions (Fig. 
3A). FACS analysis of the lungs bearing micro 


on 
2.9% of total endothetial cells 
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metastases showed a fivefold increase in BM- 29.9 versus 37.3 = 6.1, P< 0.0001) 


hungs (198.5 


derived EPCs (GFP” VE-cadherin” CD31" (Fiz. 3, B and ©). To determine the mechanism 
CDI1b), as compared with that of control normal underlying EPC recruitment to the sites of neo- 
A 
0 Tumor (RFP) BM (GFP) cost 
50 
i “ 
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22 
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Fig. 1. BM-derived endothelial cells contribute to the angiogenic switch in mice transplanted with 
LLC cells. (A) Quantification of total metastatic colonies in the lung after tumor inoculation. The 
percentage of macrometastases (21 mm in diameter) is indicated; n = 6 per time point. (B) 
Microscopy showing avascular micrometastases (top, day 14) and a vascularized macrometastasis 
(bottom, day 21). Blood vessels were detected by CD31-specific antibody. Dotted line separates the 
host tissue from the tumor in this and subsequent figures. Scale bar, 200 jum. (C) Vessel 
incorporated BM-derived endothelial cells (GFP* CD31*, arrows) in RFP* macrometastasis stained 
with DAPI (4’,6'-diamidino-2-phenytindole). Scale bar, 100 ym. (D) Scatter plot depicting 
contribution of BM-derived endothelial cells in functional vessels of microdissected macrometas: 
tasis. PL gate, total functional endothelial cells (CD31° Isolectin* CD16"); P2 gate, BM-derived 
endothelial cells (GFP* CD31" tsolectin® CD11b"). Results obtained by analyzing 1 x 10° cels 
55C, side-scatter values. (E) Quantification of FACS analysis showing percentage of BM-derived 
endothelial cells (BMEC) in vessels of macrometastases. Data are means + SD; n = S per group. 
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Fig. 2. BM-derived endothelial cells contribute to 
the angiogenic switch in MMTV-PyMT mice, a model 
of spontaneous metastasis. (A and B) Representa 
tive lung images showing metastasis progression 
(weeks 12 to 16) in MMTV-PyMT mice reconstituted 
with GFP* BM; n = 20 mice. Scale bar, 5 mm. CD31 
staining of pulmonary micrometastases (C) and 


vascularization, we examined metastatic lesions 
forthe expression of adhesion molecules. Nascent 
nad to the metastatic ksions expressed 
higher levels of vascular cell adhesion molecule 
1 (VCAML-1), and notably, EPCS expressed cog- 
nate receptors integrin ay (fig. S3, A, C,and D). 
Indeed, the presence of EPCs in the proximity of 
VCAM-1 s. S3B) suggests th 
actions between VCAM-1 and integrin agp 
mediate EPC recruitment, as observed previously 
for hematopoietic progenitors (0-12), Taken 
together, these results demonstrate that an a 


yesselscon 


vessels ( 


iogenic switch is associated with the progression 


of icrometastases, during 


jerometastases to 


which BM-derived EPCs are recruited 10 the 
metastastic foci and contribu 
noovasculature in metasts 

To explore whether BM-derived EPCs are rv 
quired for the progression of micrometastasis 10 
macrometastasis, we studied the ellects of lass of 
EPC function in vivo, We focused on the Ill 
transcription factor because Id knockout mice 
{ld17" 163) exhibit impaired tumor growth, be- 
cause of BM-associated angiogenic deficts (13, /), 
eng 


Notably, in response to a tumor 


expression in the BM cells (Fig. 3D), More 
important, [dl expression was confined to EPCs 
in other BM cells upon 

3E and fig. S4A), which su 
be critical for EPC function in the 


and was not s 
challenge (Fi 
that Idi m 


‘context of metastasis, To disseet the role of Kd in 
EPC-mediated progression of metastatic Ie 
we used a lentiviral-based synthetic microRNA 
(miR-30) based short haimpin RNA (shRNA) es- 
pression system whose activity could be 

byd 1d express 


uduced 
yey n in 
ig. $5). This approach al 
acute [dl suppression in the BM selectively 
during metastasis progression without compro: 
rising the contribution of BM-derived endo. 
thelial cells to the growth of primary tumor, 
which cannot be achieved in the Id knockout 


Wed Us 10 gen. 


macrometastases (D) in MMTV-PyMT mice. Dotted 
line, as in Fig. 2. Scale bar, 200 im. (E) Incor- 
porated BM-derived endothelial cells (GFP* CD31", 
arrows) in the vessels in macrometastases in MATV- 
PyMT mice. Scale bar, 20 jim. (F) Quantification of 
vessels containing GFP* BN-derived endothelial cells 
Data are means + SD. (A total of 2418 vessels were 
counted; n = 38 metastases derived from six animals) 
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mice. An effective shRNA that reduced endog- 
enous Id mRNA and protein levels (>9: 


reduction) (fig. S4, B and C) was cloned into a 
Dox -inducible expression vector (lig. S4D). The 
specific and tight regulation of [dl shRNA. 
expression by the inducible system was estab- 


lished in the context of genomic inte 
vitro (fig. S4, E and F), 


Fig. 3. Id1* EPCs contribute to early metastatic lesions 
in mice. (A) Microscopy showing recruitment of BM- 
derived EPCs (GFP* VE-cadherin*) at the periphery of 
LLC micrometastases in the lung (day 14), Dotted line 
is. as in Fig. 1. Scale bar, 100 wm. (B) FACS analysis of 
EPC recruitment from lungs bearing micrometastases 


(day 14). Of the total lung cells, BM-derived 


hematopoietic cells (GFP* CD11b>) cells were gated 


(P1), from which BM-derived total endothelial 


(GFP* VE-cadherin* CD11") were determined (P2). A 
subset of these cells are EPCs (GFP* VE-cadherin® 
31" CD11b") represented by (P3). (C) Quantifica- 
tion of FACS analysis showing EPC recruitment to 
metastatic lungs (LM) (day 14) versus control lungs 
(Cont.), Results are from analysis of 1 x 10° cells per 
animal. Means + SD; n = 5 per group. (D) Quantitative 
RT-PCR analysis showing Id1 mRNA levels in Lin” BM 
cells harvested from tumor challenged versus un- 

(€) Microscopy showing that Idi 


challenged mice 


expression is confined to VE-cadherin® EPCs in tumor- 
challenged BM (arrows). 
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Fig. 4. Inducible RNAF-mediated suppres: 
sion of Id1 in the BM impairs the formation 
of pulmonary macrometastases in mice. (A) 
Iicroscopy showing RFP* pulmonary metastases 
(day 28) in mice with BMT of nonspecific 


ShRNA (top) or Id. shRNA (bottom) in the 


Fre ™ 
45 a0 | 1 
2 ae Eww 
5 
absence (-Dox) of presence (+Dax) of Dox. q i 128 H = 
Scale bar, 5 mm. (B and C) Quantification of = # § 62 - bed 
macrometastases (21 mm in diameter) and 


‘micrometastases (<1 mm in diameter) in the 
lungs. Data are means + SD; n = 10 per 


group. (D) Survival curve comparing untreated (Dox) and treated (+Dox) 1d 
ShRNA-BMT mice. (Insets) Representative lungs folated from ~Dox (day 30 
pst resection) and +Dox (day 42 post resection) mice. Scale bar, 5 mm. (E) 
Quantitative RT-PCR analysis showing Id1 mRNA levels in the BM harvested 
from the treated (+Dox) versus uniteated (Dox) Id shRNA-BMT mice. Data 
10 per group. (F) FACS analysis ofthe circulating EPCs 
(cit VEGFR2"CD11b") in peripheral blood of untreated (—Dow) and treated 


‘are means + SD; 
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icant change in primary 
sion on metastasis pr tumor growth was observed in these animals (ig 
(Lin-) cells derived from ROSA26 reverse SSB) before Dox administration, However, Dos: 
Tetracycline transactivator (F{TA) transgenic mice mediated induction of IdI shRNA expression sub- 
(U5) were transduced ex vivo with lentivirus stantially reduced the total number of metastases 


in animals having an Id1 shRNA bone marrow 
transplant (BMT) (28 = 6 in Dox versus 8 = $ 
in *Dox) as compared with nonspecific shRNA- 


expressing either the [dl shRNA or the noo: 
specific shRNA and transplanted into kthally 
inradiated recipient mice according to the scheme 


A VE-cadNDAPL_ __GFPIVE-cadh__GFPIVE-cadh/DAPI 
: Le bate be 
non 
ells B © ag, "500" 


NS SHANA ldTahRNA ary % 


ays (post resection) 


a ° 


(4Dox) Id shRNA-BMMT mice (day 21). total of 1 x 10° cells were analyzed per 
animal. Data are means + SD; n= 10 per group. Note, that because FACS did 
not detect GFP expression, circulating EPC levels inthe peripheral blood were 
determined in the context of cKit expression as described (27). (G) CD31 
staining showing the vascularization defects in pulmonary metastases in 
treated (+Dox) versus untreated (Dox) Id shRNA-BMT animals (day 28). Scale 
bar, 100 jum. Dotted line separates the RFP* metastases from the host lung. 
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BMT animals [32 = 7 in Dox versus 33 = 6 in 
Dox (Fig. 44), This reduction was due primarily 
to a decrease in macrometastases in Dox-treated 


Ia shRNA-BMT animals [13.8 = 6.1 in Dox 
versus 0.6 © 1.3 in ‘Dox, P= 0.0014 (Fig. 4B)] 
No significant reduction in micrometastases was 


‘observed in the lungs of these animals (Fig. 40), 
Which suggested thatthe inducible 1d suppression 
did not allect initial lung colonization by tumor 
cells, but impaired their progression into macro- 
masses. Furthermore, tumor-bearing lll shRNA. 
BMT mice treated with Dox cutlived the untreated 
mice [P = 00233 (Fig, 4D)), Necropsy revealed 
that the untreated mice had collapsed lungs eon 
taining numerous macrometsstatic ksions (Fig. 4D, 
insert Dox), which suggested that pulmonary 
rmuerometastasis was the main cause of death. 
Inducible suppression of Id] gene expression 
in vivo was confirmed by quantitative real-time 
polymerase chain reaction (RT-PCR), which 
showed a reduction in Id mRNA levels in the 
BM of the Dox-treated [dl shRNA-BMT m 
to one-fith those of untreated mice (Fig. 4E), 
More important, conditional 1d suppression n= 
sulted in reduction in the level of circulating 
EPCs (c-kit" VEGFR2° CD11) to one-third the 
circulating EPC’ in those without doxyeyeline 
i. 4F), The reduction in EPCs was specific, as 
in the levels of 
BMederived bemmtcpoktc cal, incising B 
cells, T cell, and myeloid and VEGERI” cells 
(figs. S6 to S8), Our data also suggest that a 
¢ in lymphocytes in resting Id knockout 
ce reeenlly reported by Nimer and colleagues 
(6) was mest likely due to developmental com 
Pensations associated with the knockout mice: 
‘Overall, our study provides evidence that BM- 
dotived EPCs play a direct role in angiogenesis- 
mediated progression of metastatic lesions, but 
they have no effect on metastatic initiation, which 
is dependent on VEGFRI™ cells. Notably. im- 
pre! mobilization of EPCs resulted in a dramatic 
rexluction in vessel density in metastatic lesions in 
Dox-treated [dt shRNA-BMT mice [222 © 4.7% 
in Dox versus 4.1 © 2.9% in *Dox (Fi. 40)} 


Although we have observed that a reduction in the 
levels of circulating EPCs correlates with impaired 


Jocal hing resent progenitors or deifferentiation 
‘of commited! hematopoietic cells also contribute 
mas reviewed in (17), 

ly illustrates the critical role 
as novel regulators of the angiogeni 
metastatic progression and points to a direct role 
of [dl in mediating EPC mobilization and re- 
cruitment. Although only 12% of the neovessels 
in the metastatic lesions showed luminal incor- 
poration by BM-derived endothelial cells, it is 
noteworthy that blocking EPC mobilization eausext 
severe angiogenesis inhibition and significantly 
impaired the formation of lethal macrometastaes, 
‘which suggested that EPCs may have additional 
‘proangiogenic properties in mediating the angi- 
‘ogni switch. Notably, gene expression analysis 
‘of FACS- purified EPC from tumor tise revealed 
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up-regulation of a variety of key proangiogenic 
_genes including growth factors, receptors, chemo- 
Kkines, and ECM modifiers (table St). Together, 
these findings suppor the rationale for the anti- 
angiogenic treatment of metastatic cancer and suz- 
‘gest thatthe efficacy of antiangiogenic inhibitors 
‘currently used in clinical trials, such as blocking 
antibodies to VEGF and VEGFR2, may be a con- 
sequence of directly targeting BM-derived EPC 
as well as the nascent tumor vasculature. This 
hypothesis is bolstered by studies that have shown 
that antiangiogenic drugs also suppress the mobi- 
lization and levels of EPCs (18), Given that BM- 
crived endothelial cells also contribute to vessels 
in humans (79, 20) and that initial metastatic 
colonization has usually occurred by the time of 
the primary tumor diagnosis, our results suggest 
that targeting BM-derived EPCs, perhaps in com 
‘bination with conventional chemotherapeutics, may 
provide a feasible therapeutic approach for cancer 
patients with lung metastases. I is important to 
note, however, that in the clinical setting it can 
‘sometimes take years for dormant micrometastases 
to progres to Kthal micrometasases, time course 
that is not recapitulate in our mouse models 
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Dendritic Cell-Induced Memory T Cell 
Activation in Nonlymphoid Tissues 


Linda M. Wakim,? Jason Waithman,* Nico van Re 


William R. Heath, * Francis R. Carbone** 


Secondary lymphoid organs are dominant sites of T cell activation, although many T cells are 
subsequently retained within peripheral tissues. Currently, these nonlymphoid compartments are 
viewed as sites only of effector T cell function, without the involvement of renewed induction of 
‘immunity via the interactions with professional antigen-presenting cells. We describe a method of 
reactivation of herpes simplex virus to examine the stimulation of tissue-resident T cells during 
secondary challenge. The results revealed that memory CD8* T cell responses can be initiated 
within peripheral tissues through a tripartite interaction that includes CD4* T cells and recruited 
dendritic cells. These findings lend evidence for the existence of a sophisticated T cell response 
mechanism in extra-lymphoid tissues that can act to control localized infection. 


activation of T cells during localized 
| infection takes place within the draining 
lymph nodes, where the bulk of T cell 
priming is thought to occur (/). Howew 
Peripheral nonlymphoid tissues harbor a sizable 
‘proportion of the overall T cell pool, primarily 
consisting of long-lived memory T cells (2 
During. infection, peripheral tissues invariably 
represent the first point of contact with a wide 
range of pathogens, with resident T cells con- 
sidered a critical to local infection control (4). 
Indeed, it has been suggested that such sites 
should be viewed as an extension of the sec- 


eoddiry lymphoid compartment, and the term 
effector-lymphoid tissue (ELT) has been used in 
their description (5), Nevertheless, the contribu= 
tion of the individual components within the ELT 
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and the nature ofthe local responses remain poorly 
defined. Furthermore, it is commonly assumed 
that peripheral responses occur soley through the 
claboration of effector molecules in the absence 
‘of new lymphocyte proliferation (6, 7). However, 
Jocal expansion has been reported in certain situ- 
ations (¥), and it remains possible that dendrite 
cells (DCs) are involved because these cells are 
known to aid in memory T cell activation (9), 
Such DCs might be resident within peripheral 
tissues (/0) or could derive from infiltrating mono 
¢eytes in response to inflammation (71), 
‘Transplantation of peripheral tissues containing 
T cells into naive recipients provides one conve- 
nent means of studying local responses, because it 


permits identification of the memory cells originat- 
ing from these nonlympboid sites while allowing 
recruitment of other cells that may be eritical for 
their optimal activation. We selected sensory dorsal 
root ganglia (DRGs) from mice that had been 
infected with herpes simplex virus (HSV) in 
their lank, because these tissues retain infiltrating 
T cells well afier resolution of acute infection 
(12-14), In addition, these ganglia harbor HSV 
in a latent form, which is typically reactivated as 
consequence of surgical extraction (15), provide 
mn effective means of local virus challenge. 
Ganglia taken 20 and 40 days after infection had 
detectable numbers of virus-specific T cells and 
no infectious vinus at the time of extraction (73), 
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Excision and transplantation provided a robust 
muse ofS oF 


level of virus reactivation over the 
days (fig. SI). To track vinus-speci 
seeded mice (to be used as DRC 
HSV intetion) with low numbers of T cells from 
‘animals expressing transgenic T cell receptors 
specific forthe class [-restricted immunodominant 
peptide of HSV glycoprotein B (BT cells), 
Within two daysof transplantation, the numbers of | 
‘Tells in the DRGs fell sharply, in most cases to 
undetectable levels (Fig. 1, A and B) in a fashion 
similar to that observed nocently (/6), This decline 
was followed by a rise in specifi T eell number 
beginning around days S oF 6 after transplantation 
(Fig. 1A), The peak in numbers of gBT-1 cells 
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Fig. 1. Expansion of tssue-resident T cells after HSV reactivation. (A and B) B6 mice seeded 
‘with naive gBT-L.CD45.1° CDB* T cells were infected with HSV. DRGs from these mice harboring 
latent HSV infection were transplanted under the kidney capsule of naive recipients. Numbers of 
9BT4.CD45.1* CD8" T cells within each graft were enumerated by flow cytometry. Data points 
represent individual mice froma single experiment (A) and pooled data from seven experiments 
(€). Horizontal bars indicate the mean. (C) Sections of the graft on days 3 and 9 after 
transplantation, stained for CD8 (green) and 4 ,6"-diamidino-2-phenytindole (DAPI) (blue 
nuclear staining). (D) B6 mice were seeded with in vitro activated gBT-I cells and OT-.CD45.1° 
D8* T cells 4 days after HSV infection. Latently infected DRGs from these mice were 
transplanted under the kidney capsule of recipients. Grafts were recovered, and the numbers of 
98-specific and avalbumin-specific CD8* T cells were enumerated. Error bars represent the 
mean + SEM with five mice per group. (E and F) B6 mice seeded with naive gBT-.CD45.1* CD8* 
T cells were infected with either a thymidine kinase mutant HSV incapable of viral reactivation 
or the wild-type parental strain. Latently infected DRGs were transplanted under the kidney 
capsule of recipient mice and, at the indicated times, the number of @BT-LCD45,1° CD8* T cells 
the graft was determined. The data in (E) represent the mean + SEM with five mice per group. The decay in the number of donor gBT-1.CD45.1* CDB* 
T-cels within the graft after transplantation of ganglia latently infected with a thymidine kinase mutant HSV is shown in (F). The data in (F) represent the 
mean + SEM with eight mice per group. (G) Donor gBT-1.CD45.1° CD8" T cells could not be detected within the spleen or kidney-draining lymph nodes (LN) of 
transplant recipients. 
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Fig. 2. Local reexpansion of resident A 7 
memory CD8" T cells. 86 mice seeded with S™M nmr sco4s. ran wen gat ccous 


either gBT-LCD45.1* or gBT-1.CD45.2° — 
CDB* T cells were infected with HSV. Latent = 
DRGs harboring these different Tcellswere y 
harvested and placed indifferent locations 


under a single kidney capsule. (A) Plots of 
lymphocytes isolated from the grafts in dif ——————————— 
ferent locations on day 9 after tansplan- 
tation, (B) The numbers of gBT-1.CD45.1° 
DB" T cells within both transplants, at the 
indicated times. The data represent the 
mean + SEM with seven mice per group. 
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day 9 represented a 17-fold increase over stating, 
cell numbers and at least a 45-fold difference over 
those found at the day 2 post-transplant nadir (Fig. 
1B), Histological comparison of gang 
and 9 afler transplantation (Fig. 1C) cor 
that these cells were undetectable in 
cuir time. 

To verify that the expansion of T cells was 


lia at the 


solely on an activated T cell phenotype (/3), 
transplanted DRGs initially contained roughly 
equal numbers of HSV-specitic gBTL eells and 
imelevant OT cells, However, only the gBT-1 
cxlls sponded to reactivation (Fig. 1D), Infee- 
tion with a thymidine kinase mutant virus, which 
does not reactivate from neuronal tissue (7), 
failed 0 drive any T coll expansion (Fig, 1E), 
showing that the response required overt infec- 
tion, In contrast, reactivation was not nece 
far the loss of the resident Tolls Fig. 1F), which 


Fig. 3. Stimulation of resident memory CD8*T cels is dependent on recruited APCs. (A) Latently infected 
DRGs harvested from B6 donor mice were transplanted under the kidney capsule of CD45.1 recipients. The 
number of donor (CD45.17) and recipient (CD45.1") DCs (CD11c’MHCIT) was determined atthe indicated 
times after transplantation. Error bars represent the mean + SEM with four mice per group. (B) Section of the 
‘rat on day 9 after tansplantaton, tained fot CDB green) and CD11c (red. (C Latent ganglia were grafted 
into recipient mice containing fluorescein isothiocyanate (FITO-bead-labeled Gr-1" monocytes. The level of 
‘expression of Gr-1, CD11, CDL1c, and MHC ll on the beac-psitive cell in the grafts was determined at the 
indicated times. (D to F) Latent DRGs containing gBT-LCD45.1° CDB* T cells were grafted into recipient mice 
depleted of circulating monooytes via the administration of clodronate-loaded liposomes (+Clociposomes). 


On day 9 after transplantation, the number of CD11c*MHCI* cells [(D) and (E)] and gBT-LCD45.1° CD8* T cells (F) in the graft was determined by flow cytometry. The 


data in (D) and (F) represent the mean + SEM with seven mice per group. 


.0262 in (D),", P= 0.0175 in (F).(G) Latent DRGs from HSV 


fected mice containing 


‘9BT4.CD45.1° CDB T cells were transplanted into either B6--B6 or bm3—B6 bone marrow chimeras, The number of @BT4.CD45.1* CD8" Tcels within the graft was, 
‘enumerated atthe time of transplantation (day 0) or 9 days after transplantation. The data represent the mean + SEM ofthe combined experiments shown in fg. S5. The 
difference between groups was determined to be statistically significant with a Mann-Whitney tes. °**, P = 0.0002. 


11 JANUARY 2008 VOL319 SCIENCE www.sciencemag.org 


suggests that these cells were probably dying as a 
consequence of the sungical trauma Finally, at all 
times examined, gB'T-1 cells were absent fiom the 
spleen and renal lymph nodes (Fig. 1G), arguing 
that the ant fic increase in T cell num- 
bers resulted from local proliferation 

Despite our inability to detect circulating T 
cells, the numerical inerease in gBT- 
the ganglia could nonetheless have resulted from 
nulation within lymphoid tissues, followed by 
rapid recruitment into infected ganglia. To exclude 
this possibility, we infected two diferent groups of 
mice: one received HSV-specitic cells tagged with 
the CD45.1 allele marker (pBT-LCDAS.1 Tells) 
before infection, whereas the second group received 
(CDAS2-bearing gBT4 cells (gBT-L.CD4S2 T cel). 
All mice were infected with HSV, and on resohu- 
tion of primary infection, ganglia from each group 
\Were transplanted into distinet regions under the 
kidney capsule of a CS7BL6 (BO) recipient. The 
reisohited DRGs lagely contained ether one or the 
‘other Tell subset, showing litte enossmigration 
‘of Tees between DRGs (Fig. 2, Aand B), Such, 
strict segregation woul! not be evident if T cell 
‘expansion occurred in lymphoid organs with sub- 
sequent inflation of DRGs. Thus, the local 1e- 
sponse is maintained in each tissue, with few of 
the T cells released into the wider circulation 
‘Transplantation of ganglia into bone marow 
wiation chimeras suggested that parenchyma 
‘was not the dominant driver of T cell expansion. 
For these experiments, bm’ animals canying the 
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non-2BT1 cell-stimulating K'™ major histo- 
compatibility complex class I (MHC 1) molecule 
(13) were reconstituted with BG bone manow 
These Bo—shm3 chimeas were then used as 
donors, because they pennit gBT- cell priming by 
B6 DCs and their subsequent infiltration into 
infected ganglia. A robust glycopeotcin B (eB) 
specific T cell expansion was measurad in the 
transplanted B6—bm3 ganglia (fig. S2), despi 
infected neurons being of nonprescating bm3 ox 

in. Antigen-presenting cells (APCS), mast likely 
DCs were thus responsible forthe effective Tell 
stimulation. Analysis of CD4S.2-reactivaing gan- 
tia transplanted into CDSS.1 recipients showed 
recruitment of substantial numbers of recipicnt- 
derived CDI 1¢" cells afer 2-day delay (Fig. 34), 
These cells expressed a range of DC markers 
(fig. $3) and were sometimes found in close prox- 
imity to CDS" cells (Fig. 3B) 

DCs recruited into sites of inflammation are 
derived from a subset of circulating monocytes 
that develop into DCs once they enter peripheral 
tissues (/-2/). To investigate whether such DCs 
were formed in reactivating DRGs, we took 
advantage of the finding that Grl™ monocytes 
that convert into DCs ean be labeled with fluo- 
rescent beads after eliminating an 


containing liposomes (22), F 
shows that such bead-labeled cells mature 
reactivating ganglia to a Grl® population con- 
taining CDLIBCDIe™ DCs expressing high 


umber of donor gBT4 COS" T calls nthe graf 


‘ony 


ony? 
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levels of MHC II molecules. Simitar reenuitment 
‘of blood-derived DCs is seen after primary in- 
fection (fig. $4), and these cells are the likely 
source of the low number of pesisting DCs found 
in the latent ganglia (Fig. 3A). To formally show 
monocyte-derived DC involvement in T cell ex- 
pansion, we eliminated their precursors by repeat- 
‘ely administering clodronate-containing liposomes 
after transplantation (23). Despite incomplete DC 
ablation (Fig. 3, D and E), treatment inhibited the 
evel of Tcell expansion (Fig. 3F). A contribution 
from other presenting cells during T cell 
tion may explain the residual expansion, 
blood-derived APCS clearly make a substantial 
contribution to the observed response, 

It was possible that the cells recruited from 
the circulation were driving T cell expansion solely 
by some indirect means rather than by dineet 
antigen presentation. To exclude this possibility 
\we transplanted latent ganglia from HSV-infeeted 
B6 mice containing gBT-I cells into bn3—-B6 
bone marrow chimeras that contain DCs unable 
to stimulate the BT cells, These chimeras 
fered fiom a high degree of variabi q 
although on average, T cell expansion was much 
reduced in the bm3—+B6 recipi 
with that in the B6—B6 controls 
Which is consistent with a host APC contribu 
Again, inhibition was incomplete, which sugests 
some contribution by donor APCs, 

Donor CD4” T cells, which persist within 
Jatent ganglia, also expanded within transplanted 


+ Fig. 4. Stimulation of resident memory CD8* T cells is dependent on CD4*T 
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a ‘all help. (A) The numbers of donor CD4* T cells (CD45.1°CD4"BTCR*) in 
a HSV-infected DRGs after transplanting into B6 recipients. TCR, T cell 
receptor. The data represent the mean + SEM with five mice per group. (B 
‘and €) Latent DRG from donor mice seeded with gBT-LCD45.1" COB* T cells 
‘were transplanted into either MHC Il knockout (KO) or B6 mice. On day 9 
after transplantation, flow cytometry was used to enumerate the number of 
(€D4*T cells (B) and gBT-LCD45.1° CD8* T cells (C. The data represent the 
mean + SEM. The dilference between groups was determined to be 
Statistically significant with a Mann-Whitney test", P = 0.0012; "*, P< 
(0.0001. Horizontal bars in () indicate the mean. (D) Latent ganglia 
harvested from CD4-depleted donor mice containing gBT-LCD45.1° CDB* T 
«ells were grafted into RAG-defcient recipient mice. At the times indicated, 
the numbers of oBT-LCD45.1° CD8* T cells within the graft were 
‘enumerated. The data represent the mean + SEM with six mice per group. 
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gras after viral reactivation (Fig. 4A). This CD" 
T cell proliferation was significantly reduced after 
transplantation into MHC It-deficient recipients 
as compared with such proliferation in B6 
controls, implying a further role for blood- 
recniited APCS in local T cell activation (Fig. 
4B), Unexpectedly, these MHC II-deficient recip- 
ients ako showed attenuated expansion of DRG- 
nt wB-specific T cells (Fig. 4C), arguing that 
the local memory CDS" Tell activation was itself 
CD4" helper T cell-dependent. To conticm this 
finding, we grafted latent ganglia, taken from 
donor mice depleted of CD4™ cells just betore 
tion-activating gene 
(RAG) deticient mice. Eliminating the CD4" T 
cells inhibited CDS* T cell expansion on 
secondary antigen encounter (Fig. 4D), although 
it did not compromise their intrinsic responsive- 
ness because the cells were still able to produce 
interferon-y afer in vito stimulation (fig. S6). The 
tissue-tesident CD4° T cells alone were sufficient 
twoelicit help because the RAG-deticient recipients 
are otherwise devoid of T cells. It should be noted 
that primary HSV-specifie CDS" T cell activation 
so helper Teell-dependent (24), 
AC Tace value, our results appear to contradict 
findings arguing that antigen encounter within 
nonlymphoid tissues does not result in local Tell 


proliferation (6, 7). However, it may prove that 
such a lick of proliferation is only seen under 
certain conditions: for example, during activation 


of the T cells by parenchymal cells or where the 


vinus is rapidly brought under control by resident 
T cells (25). As a consequence, we propose that 
local responses are tailored to the level of 
inflammation or the extent of infection. In settings 
\ith limited inflammation or where presentation 
of virus antigen is confined to the parenchyma, 
pure elaboration of effector function results in ithe 
‘overall T cell expansion. If, however, infection 
progresses and DC recruitment comes into play 
then local T cells proliferate in sit Finally, our 
results provide insight into HSV immune evasion 
during activation. Virus-specific CDS" T cells, 
thouglt capable of suppressing reactivation (12, 26), 
are Jost from latent ganglia in situations. that 
promote virus recnidescence (16). The natural 
delay in DC infiltration and local T cell expansion 
affords a natural opportunity for transient HSV 
replication before the Vins is once again brought 
under renewed immune control 
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DNA Oxidation as Triggered by 
H3K9me2 Demethylation Drives 
Estrogen-Induced Gene Expression 


Bruno Perillo,**t Maria Neve Ombra,™* Alessandra Bertoni,” Concetta Cuozzo,? 
Silvana Sacchetti,” Annarita Sasso,” Lorenzo Chiariotti,? Antonio Malorni,? 


Ciro Abbondanza,* Enrico V. Awvedimento”+ 


‘Modifications at the N-terminal tails of nucleosomal histones are required for efficient transcription 
in vivo, We analyzed how H3 histone methylation and demethylation control expression of 


estragen-respor 


ive genes and show that a DNA-bound estrogen receptor directs transcription by 


participating in bending chromatin to contact the RNA polymerase It recruited to the promoter. This 
process is driven by receptor-targeted demethylation of H3 lysine 9 at both enhancer and promoter 
sites and is achieved by activation of resident LSD1 demethylase. Localized demethylation produces 


hydrogen 


oxide, which modifies the surrounding DNA and recruits 8-oxoguanine-DNA glycosylase 


1 and topoisomerase 118, triggering chromatin and DNA conformational changes that are essential 
for estrogen-induced transcription. Our data show a strategy that uses controlled DNA damage and 


repair to guide productive transcription. 


trogens control growth and survival of 
ricrrescntns i ane 

/pression of genes important for cell eyele 
progression (/) and apoptosis (2). The hormone 
1 7B-estradiol (E2) regulates transcription of tanzet 
genes by binding to cognate estrogen receptors 
(ERu and ERB), which then bind with high alfinity 
to estrogen-responsive DNA elements (EREs) 
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(3-5), Afler hormone activation, ERe interacts with 
‘transcription co-activators that covalently modify 
histone proteins within nucleosomes (6) and con- 
tribute wo the control of gene expression (7). 

We examined the mokeular mechanism by 
Which specific methylation and demethylation of 
lysines in histone H3 govems hormone-induced 
transcription. We studied the anti-apoptotic l-2 


zene that contains two EREs inthe coding region 
(2)and validated our findings with the prototypic 
E2-tangt gene p82 (4, 5), With chromatin immu 
oprecipitation (ChIP) analysis, we assessed! DNA 
binding of estrogen receptors in ERA” human 
breast cancer MCF-7 cells (8), Figure 1 shows 
that DNA fiagments fiom the hcl? ERE enhancer 
region (en, and the upstream promoter (pe), whch 
are 1.5 Kb apart (9), are bound by ERa ater teat 
ment of quicscent cells with 10 nM E2 for 30 min, 

Binding of both regions that reside on dif= 
ferent fragments in sonicated DNA suzgests loop 
formation between the AcI-2 promoter and the 
ERE enhancer. To test this hypothesis. we used 
the chromosome conformation capture (3C) tech- 
nique, which detects transcription-dependent 
chromatin looping caused by dynamic interac- 
tions between distant DNA segments. Briefly, 
afier crosslinking of proteins with formaldehyde, 
Wwe ligated restriction-digested DNA ends: DNA 
cireles were generated by ligation of sites not 
‘contiguous on linear DNA (/0). Figure 1B shows 
thatthe Ac-2 promoter ang enhancer were bride 
{when co-amplified with divenzent primers) only 
in chromatin harboring activated ERa (45 min of | 
2), The promoterenhancer loop (or ligated DNA 
circle in the 3C) was lost by 60 min of E2 
audition. Moreover, the receptor was essential in 
this process because DNA bending was inhibited 
by treatment with the antiestrogen ICT 182,780 
that prevents receptor binding to the DNA (Fig. 1B). 
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Assembly of productive ERa transcription 
complex between 30 and 45 min (fig. SL) was 
marked by a substantial increase of dimethy- 
Lys* in histone H3 (H3K-4me2) on promoter and, 
‘enhancer regions of hel-2 or pS? gene, whereas 
presence of H3K9me2 was appreciably found in 
homone-sarved cells or alter 60 min of E2 
treatment, concurrent with las of reeeptor fom, 
chromatin (Fig, 1C and fig, $1), Binding of the 
K4-specific histone methyl transferase (MT) 
SET9 (//) and the K9-specific HMT Suy30H1 
(2) peaked at 30 min and 60 min of E2 ex- 
posure, respectively (Fig. 1C). 

We show that 13K9me2 demethylation at the 
promoter and enhancer sites is achieved by the 
lysine-specific demethylase LSDI, known to 1 
lieve transcriptional repression by demethylating 
K9me and K9me2 (/3), In fact, LSD! was found 
to be present on chromatin in both the presence 
‘and the absence of estrogens (Fig. 2A), and dis 
ppewance of KSme2 was prevented by trtmnt 
of cells with the monoamine oxidase inhibitor 

paryyline (/3) or by LSDI knockdown with spe- 
cific small interfering RNAs (siRNAs) (Fig. 2A). 

LSD1 is. also responsible for demethylation of 
H3KAme2 (/4) observed 60 min after E2 ad 
dition and in hormone-starved cells, and this step 
is mediated by ERa (Fig. 2, Band C), In fact, in 
the ERar MDA-231 breast cancer cells an in fe 
bmblasts, H3K4 and H3K9 are both dimethylated 
a these sites (Fig. 20), as also observed for sur 
rounding chromatin in MCF-7 cells (fig. $2). 
Expression of the receptor in quiescent MDA- 
231 cells resulted in specific loss of H3K4me2 
2C). Therefore, in the absence of hormone, 
Ra. contacts and ransicntly activates LSDI, 
Jeading to local H3Ks demethylation. However, 
under these corktons, LSD is unable to trigger 
demethylation of IBK9me2 and transcription ini- 
tition In fact transeriptionally unprotctive 
cele has been described, soley driven by the 


wlaton of IBKIme2 was tig- 
nent of liganded ERar to ehroma- 


IL (pol 11) assembly on the promoter (Fig. 2D), 
Inhibition of LSDI activity in the presence of 
hormone prevented chromatin looping (Fig. 2E) 
and estrogen-dependent transcription (Fig. 
‘even though the receptor was bound to the EREs 
(Fig, 2A), 

Demethylation by LSDI of H3K9me2 is an 
‘oxidative process that results in the production of 
hydrogen peroxide (1102) (/6). To explore the 
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possibility that formation of HO is a signal in- 
duced by estrogens to drive transcription initia- 
tion, we measured the main DNA product induced 
by the peroxide: the Sowo-guanine (-0n0-G) 
that is removed by base excision repair (BER) 
enzymes (7). As shown in Fig. 3A, estrogens 
‘caused rapid nuclear accumulation of §-0x0-Gs 
in discrete foci, mimicked by treatment with 


REPORTS. g 


130; and inhibited by scavengers of react 
‘oxygen species (ROS), such as Nacetyleysteine 
(NAC), Production of §-ono-Gis was tightly linked 
to LSDI activation (hence demethylation of 
H3K9me2) because it was inhibited by pargyline 
‘or LSDI knockdown (Fig, 3, A to C), Furth 
more, oxidation of Gs was dependent on ERa 
because the Muorescent signal was detected in 
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Fig. 1. Dynamics of estrogen-dependent chromatin modifications, (A) (Left) ChiP experiments performed 
with antibodies to ERu (c-ERa) oF ui-tubulin (a-tub) and with primers spanning the bc-2 gene. Primers 
are numbered relative to the translation stat site (+1). enh, enhancer; pr, promoter; 5’ upstream DNA. 
prfenh,, DNA including promoter and enhancer. Input, DNA extracted from sonicated (sonic) chromatin 
before immunoprecipitation and used to quantify PCR reactions at different cycles and with different 
primer (prim) pairs (right). Error bars indicate SEM. (B) (Left) Simplified structure of bi-2 gene showing 
the boxed coding region with EREs (red). int, intron. SacI restriction sites (yellow arrows) and primers 
used for PCRS in 3C experiments (thin arrows) are reported. The square box includes the circle generated 
by DNA tigation in the 3C. (Right PCRs performed with divergent (a to d) or convergent (e and f) primers. 
The a-d (655 bp) or the ef (202 bp) bands were absent in amplifications realized on Sac digested naked 
DNA. (C) Kinetic ChiP experiments realized on cells stimulated for 30, 45, and 60 min with 10 nM E2. 
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Fig. 2. Histone H3K9me2 demethylation by LSD1 
is essential for DNA bending induced by activated 
ER, (A) ChIP experiments on bcl-2 and pS2 
promoters with indicated antibodies in cells 
exposed to E2 in the absence or presence of 
pargyline or control scrambled (scram.) RNAS or 
siRNAs targeting LSD1 coding region (LSD1-1).(B) 
Effect of pargyline addition on H3K4me2 de- 
methylation, assessed by ChIP. (C) ChiPs showing 
presence of H3K4me2 and K9me2 in MDA-231 
cells, expressing (ER«") or not (wild type, WT) ER, 
or in human. primary fibroblasts. (D) Effect of 
prevention of ER binding to DNA by 1 uM ICI on 
LSD1 activation and RNA pot Il recruitment to bet 2 
promoter. (E) 3C assessing the effect of LSD1 
inhibition on DNA loop formation. Primers used in 
PCRs are the same asin Fig. 1B. (F) Transcription of 
‘bct-2 and p52 genes measured by nuclear run on in 
cells stimulated with E2. fractin was used as 
hormone-unresponsive control. 


Fig. 3. Estrogens induce a burst of nuclear 
8-ox0-Gs and recruitment of OGG1 and topo- 
isomerase If (Topo His) to the promoter and 
ERE region of E2xesponsive genes. (A to © 
Immunofluorescence detection of 8-ox0-Gs by 
the fluorescein-tagged 8-0x0-G-binding pro- 
tein, (A) Effect of pargyline or NAC addition to 
hormone-exposed cells (B and C) Assessment 
of LSD1 knockdown, with two different siRNAS 
targeting the coding region (1501-1 and LSD1:5), 
on accumulation of 8-0x0-Gs. Scrambled 
(cram) RNA was used a5 control. Red fluores- 
cent protein (DsRed1-ND) was added to visualize 
transfected cells (B). (D) ChIP assays with re- 
Ported antibodies. Topo t, topoisomerase |. The 
lower supplement shows the location of b-2 
DNA regions used in ChiP analysis (indicated by 
‘arrows pais) The histogram on the rights from 
four different experiments. A representative gel 
with the p52 promoter is also shown. Error bars 
indicate SEM. 
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A ly afer receplor © 
pression (fiz. $3), This is noteworthy because 


A 
= 100 Mf E2 treatment for 2 hours has been re- 
iF ported to induce accumulation of oxidized bases 
in the DNA of responsive cells in the absence of 
a axtive weeptor (18), 
i 3 Because $-0%0-Gs are specifically 1a 
nized and removed by the 8-oxo-guanine 
j DNA glycosylase 1 (OGG1) (9), we looked 
t for OGGI presence on bel-? and p82 promoter 
2 and ERE regions. OGG! engaged both sites 
concomitantly with reruiment of ERe to chro 
matin (Fig. 3D). On the other hand, 
SRNALSOH = = + = i «ace did not induce joining of the BER 
wANALSOID'- - = + to the promoter of the andogen-sensiive, ERE 
serum ANA +4 = = PSA gens, notwithstanding the presence of LSD 
(13) (fig. $4), We also measured assembly to the 
complex of topoisomerases I and fs and found 
Bos that, whereas the former bound chromatin inde- 
I pendently of hormone treatment, topoisomerase 
3 Tip, required for estropen-dependdent pS2 tran 
a4 scription (20), was targeted to both promoters 
, after E2 addition (Fig, 3D), Systematic analy- 
i as sis of chromatin downstream from hvf-2 EREs 
revealed that OGGI and topoisomerase I ac- 
cumulated preferentially at the promoter and 
4 ERE sites (Fig. 3D), Morcover, with 
polymerase chain reactions (PCRS) and primer 
extension experiments, we found that the de 
sewnoact e4 sity of 8-ono-Gs was higher on th 
ewan = sarand within the region surounding /x/-2 ERES, 
ser AAA + += although this observation might be de t0 the 
particular chromatin confomnation at this site 
Mig, SS), 
Recruitment of OGGI and topoisomerase IIs 
to the fel-2 and pS? promoter/EREs was depen- 


dent on E2-induced activation of LSD (Fig. 4A). 
Moreover, inhibition with siRNAs of topoisom- 
erase IIB appreciably reduced loading of the ac- 
tively transcribing RNA pol II phosphorybited at 
‘Ser on the promoter, whereas inhibition of OG 
affected assembly of the phospho RNA 
ase by 30 to 40% (Fig. 4B), indic 
transcription initiation was driven by targeting of 
both enzymes to these sites, The partial inhibition 
of transcription observed aller OGG! knockdown 
is not surprising in light of the evidence: tha 
inactivation in vivo of OGGI does not ink 
accumulation of S-oo-Gs (21) because it ean be 
replaced by other BER enzymes (22). Moreover, 
presence of oxoGs is scarcely mutagenic be- 
‘cause their removal is very efficient (22), andl this 


Fig. 4. E2nduced demethylation of HBKSme2 by LSD1 is necessary for OGG! and toprsomerase I} re- MS expla te ellostinenss of curing Wa 
“cruitment and assembly of productive transcription initiation complex. (A) ChlPs showing OGG1 and topoisomerase ae ie re Beak ide ‘th apse 
NS recruitment to bc-2 EREs in cells treated with two different siRNAs, targeting the LSD1 coding (LSD1-1) or the Tcecaderad nine eapeicie 
3 "untranslated region (LSD1-3). scram, scrambled RNA. The rescue by exogenous witd-ype (tor catalytically <I Tecounizes ant repairs # sinsle-sirin 
inactive (mit) LSD1 in SiRNAASDL-3'-treated cells s also reported. (B) Efe of OGG1 or topoisomerase mis DN break in double-stranded substrates (23), 
knockdown with specific siRNAs on accumulation of Ser-phosphorylated RNA pol Il (Pol IFP) on bck-2 promoter, © Propose that removal of the oxidized bases 
assessed by ChIP. (insets) siRNA<dependent down-regulation of presence of each enzyme at the same site. The #eHerites transient nicks thi nas entry 
diagrams in (A) and (B) are from three independent experiments ror bars indkcate SEM. fet of treatment with Points forthe enzyme. In this way: topoisomerase 
NAC (© on H3K9mez demethylation, (D) on formation of chromatin loop assessed by 3C and (E) on lI relaxes the DNA strands and favors chroma- 
‘accumulation of active RNA pol Il (Pol ILP) on bc-2 promoter measured by ChP. (F) ChIP assessing the role of tin bending 10 accommodate the transcription 
H,0, on assembly of transcribing RNA poll on bct-2 promoter (G) Induction of OGG1 by €2, by inhibition of initiation complex. 

proteasome activity with MG132, and by ROS. The histogram shows the quantitative analysis from three ROS contribute to assembly of the RNA pol 
‘experiments in which normalized OGG1 levels inthe absence of E2 were set to 1. Eror bars indicate SEM. Il complex. In fact, treatment of E2-stimulated 
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cells with NAC that did not prevent H3K9me2 
demethylation (Fig. 4C) inhibited chromatin bend- 
ing (Fig. 4D) and, hence, inhibited accumulation 
‘of active polymerase on promoter (Fig. 4) and 
transcription (lig. S6). On the other hand, 102, 
besides enhancing per se recruitment of phos- 
Phorylated RNA pol Il, also restored. its E2- 
dependent promoter assembly in cells with 
pargyline added (Fig. 4F), Therefore, ERat plays 
4 pivotal role in directing the oxidative signal to 
the promoter, Subsequently, OGGI and topoisom- 
erase IIB (but with different efficiencies) are 
recruited 10 the promoter alter peroxide accumu 
n the absence of hormone, however, their 
targeting is dispensed throughout chromatin, without 
the selective gradient imposed by bound receptor: 
H,0¢ does not substitute for ERa (fig. $6). 

Estrogens induce high OGGI protein keels and 
this induction is prevented by NAC or mimicked 
by 1:02 (Fig. 4G), Morcover the proteasome 
inhibitor MG1 arly induces high OGG1 
levels (Fig. 4G), Because the proteasome catalyt- 
je subunit LMP2 assembles with the ERarcomphex 
and is essential for estrogen-induced transcription 
(24), we suggest that the oxidative burst, initiated 
by H3K9me2 demethylation, inhibits the protea- 
‘some activity and increases the intracellular con- 
centration of OGGI. Thereafter, extinction of the 
demethylation-ROS wave leads to proteasome 


reactivation and degradation-release of the re- 
ceptor (60 min afier E2 stimulation) (Fig. 1C). 
Production of H2Oe is temporally limited and 
strictly localized (25), 

H3K9me2 demethylation at the promoter and 
‘enhancer regions selectively marks the site where 
‘transcription initiation complex is assembled to 
rive the eyele of estrogen-induced gene expres- 
sion (movie SI). Henee, the RNA pol Il complex 
intimately associates with DNA repair enzymes 
to initiate hormone-ependent gene expression. 
Local lysine demethylation, with its associated 
burst, may indced represent the initial 
at other inducible promoters. 
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Designed Protein-Protein Association 


Dirk Grueninger, Nora Treiber, Mathias 0. 
‘Monika-Sarah Schulze, Georg E. Schulz* 


Ziegler, Jochen W. A. Koetter, 


The analysis of natural contact interfaces between protein subunits and between proteins has 
disclosed some general rules governing their association. We have applied these rules to produce a 
‘number of novel assemblies, demonstrating that a given protein can be engineered to form contacts 
at various points of its surface. Symmetry plays an important role because it defines the multipicity 
‘of a designed contact and therefore the number of required mutations. Some of the proteins needed 
‘only a single side-chain alteration in order to associate to a higher-order complex. The mobility 

of the buried side chains has to be taken into account. Four assemblies have been structurally 
‘elucidated. Comparisons between the designed contacts and the results will provide useful 
‘guidelines for the development of future architectures. 


cell, pennianently associated proteins 
[ese ‘mechanical integrity, whereas tran- 

ent associations are indispensable for me- 
tabolism and the regulation thereof. Our stuxty 
focused on permanent contacts, many of which 
have been established at atomic resolution (J) 
tensive analyses (2-8) showed that these con 
tacts are diversified and that only a few rather 
‘general rules can be extracted: The contact area 
‘should be langer than about 600 A2, and the con- 
tacting surfaces should be complementary and 
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‘predominantly nonpolar. Moreover, the contribu 
tion of hydrogen bonds and salt bridges at the 
‘contact rim is negligible. It is rather easy to de 
stroy a contact by introducing a bulky side chain 
that is sterically incompatible. It is also compar- 
atively simple to proxtuce weak contacts random 
ly, as demonstrated by many examples using 
surface mutations to induce proteins to crystal 

(9. 10). However, the creation of a desired pes 
‘manent contact is a more difficult task (71. 1 
Whereas establishing tight contacts by screening 
is well known from the antigen-antibody system 
that has alo been applicd in engincered com- 
plexes (/3}, the designed production of a tight 
novel contact has to our knowledge only boen 
tried once, but the system failed to crystallize 
UD, However, in a number of cases, a given 
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‘contact was modified by mutations (/5-18), Here, 
\Wwe report the proxluction and analysis of designed 
‘pemnanent homo oligomers of five proteins, 

The importance of symmetry for the associ- 
ation of identical protein subunits was recognized 
some time ago (79). At the lowest symmetry 
level, a single contact patch has to provide the 
\whole binding energy, which usually involves a 
Jarge number of residues. As a consequence, the 
creation of such a contact requires: numerous 
mutations. Bocause these contacts also generally 
form infinite helices that cannot be erystallized 
(Fig. 1A), we did not try to construct sch an 
assembly. In contrast, a Cy-symmetric dimer (20) 
fas a contact multiplicity of 2 and therefore re- 
quires only half the number of mutations, More 
‘over it is usually globular and thus erystallizable 
(Fig. 1A), The same applies to higher symme- 
Ines. Associating two Ca-symmettic dimers along 
their molecular axes results in a D> tetramer with 
4 contact multiplicity of 4 (20), whereas Cy 
tetramer units give rise to Dy octamers with a 
muhipficty of 8 (fig. $4), Obviously, the higher 
the symmetry, the fewer mutations are required, 
which explains the abundance of 
natural homo oligomers. 

Whereas the symmetry concems the frame- 
work ofa design, the actual production of homo 
oligomers was based on the exchange of side 
chains on the surface. We refiainad fiom touch- 
ing any main chains, because the corresponding 
structural changes are much more difficult to 
predict. Because contacts rigidity the involved 
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Shans, the side-chain mobility describes part 
entropy reduction required for associations 
. 22). Therefore, if possible, mobile side 

ins have to be identified and eliminated. Be- 
‘cause the mobility ofa side chain depends on its 
‘environment, its derivation from a single crystal 
structure is difficult. However, for the enzyme 
t-rhammnulose-I-phosphate aldolase (Rua) (23) 10 

igh-resolution crystal structures with different 
packing arrangements ane available (24), Within 
this group, we compared the side-chain torsion 
angles 1 and 42 for each relevant residue, 
derived the angular spread in the 10 structures 
and defined it as the side-chain mobility (24), The 
resulting mobility distribution over the surface 
contained surprisinely fow hot spots (Fig. 1B) 
Unfortunately, it was not available when we 
designed our contacts, but we were able to use it 
for the assessment of an unexpected contact (see 
below), 

‘The prextuetion of homo oligomers was tied 
at increasing levels of symmetry, In our attempt 
to make dimers of monomeric 6-phaspho-f- 
sralactosidase (Py) (25), we enriched two erystal 
‘contacts across local twofbld axes (Fig. 1, C and 
D) with nonpolar residues. In order to design 
tetramers from dimeric O-scetylserine sulfhydry- 
fase (Oas) (26) and urocanase (Uro) (27), we 
aligned the dimers along their molecular axes and 
performed a one-dimensional search along the 
relative rotation angle (Fig. $4, which yiekled 
‘wo suitable orientations for Os and one for Uro 
(Fig. 1, E10). Thesame was carried out for Rua 


Fig. 1. Design of protein assemblies 
(24), The proteins in (© to (H) are 
depicted as thick-lined Car plots at 
various scales with mutated residues 
as colored spheres. (A) Sketch of an 
asymmetric interface between patches 
‘and b, which, in general, gives rise to 
an infinite helix (top). A Ge-symmetric 
interface also between patches a and b 
doubles the numbers of contacts and 
forms a globular complex (bottom). 
‘Along the same tines, the reported D>, 
Dg, and Dg oligomers have 4, 8, and 
16-fold contact, respectively (fig. 4). 
(B) Side-chain mobility of the Ce- 
symmetric Rua, color-coded from 0” 
(Que) to 90° (red angular spread in 
the torsion angles 3 and 9 (24). The 
Gand Neterminal domains are at the 
top and bottom, respectively. (C) Poa- 
‘A and -B designed in crystal contact 
‘aa (25). (D) Pga- and -D designed 
in crystal contact Ff (25). (E) Oas-A 
‘and -B planned asa O, tetramer at a 
rotation angle of 86° around a com- 
‘mon molecular twofold axis (vertical. 
(F) Oas-C designed as 2 Dz tetramer 
at an alternative rotation angle of 
29°. (G) Designed Dp tetramer of 
Uro-A around a common molecular 
twofold axis (vertical). The designed 


23) and its molecular fourfold axis (Fig. 1H and 
fig. S4B). The alignment along an axis allows 
three amangements of the contacting partners, 
which we designated head-head, taibtail, and 
headetal (cquals taithead), defining an arbitrary 
end asthe head. With Oas and Uo, we performed, 
‘only a tala! association, whereas all three types 
of asweiation were assayed with Rua The Dy- 
symmetric til-tail association of an engineered 
fragment ofthe mycobacterial porin MspA (Myp) 
(8) was fully unexpected 

Guided by one of the erystal contacts of Pea, 
wwe produced the two mutants Pya-A and Pga-B 
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(24) that yielded about 3% dimer, as shown by 
size-exclusion chromatography (SEC) and dynam 
ic light scattering (DLS) (Fig. 2A and Table 1). 
‘The Pea-A dimer was stable in rechromatogs 
py and in DLS. Crystallization attempts of the 
dimer fraction failed. The single dimer peak in 
the rechromatognaphy (Fig. 2A) demonstrated 
thatthe obtained dimer was stable. Its structure is 
certainly similar to that shown in Fig, 1C because 
the contact is defined by the applied mutations, 
Following the other crystal contact, we con- 
structed the two mutants Pea-C and Pga-D (24) 
that resulted in about 30% dimer (Fig. 2B), 


Table 1. Protein-protein associations (24). Double prime entries indicate the same entry as in the 
line above; dash entries indicate that a small number of experiments were unsuccessful; none 
means no success in a very large number of experiments, 


Native Designed otigomer Observed oligomer 
Protein "umber (observed) total Newly introduced —___ + 
in fraction 
of contact area residues oa) SEC (LS Crystal 
residues we) 

Pox 1x 468 750 Phey 3 2 2 = 
PD * 860 Phea, Trp, Met 56 2 2 none 
OasA 2x 303 1080 Asn, Thr, lle, Val 44 - 
Osc 1200 Asma le, Leu £ 44 2 
oA 2557 1760 (1570) Wes, Ala 80 44 4 
RuarA 4% 278 3060 (4040) Phe 100 8 8 8 
Rub” 3250 (1970) i 100 8 8 8 
uD * 1410 Trp, Ser 60 8 8 4 
Rust * 4470 Phe, Trp, Ser 100 poly poly fiber 
Myp-A 8 x 184 (2480) 52-deletion 10 16 


contact is between the NAD*-binding domains (esidues 142 to 343), which are given in lighter hues. (H) Designed octameric Rua-D with a head-head contact. 
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Both dimers were stable in rechromatography 
and in DLS (Table 1). However, neither of them 
yielded crystals, although a total of 24 mg of 
‘dimer was used in crystallization screens. Again, 
the dimer structure is most likely close to that of | 
Fig. 1D. 

On the basis of the molecular twofold axis of 
native Oas, we designed a Dy-symmetric tetramer 
by axis alignment and rotation angle adjustment. 
We chose a tail-til association and constructed 
the throe mutants Oas-A, -B, and -C (24) for as- 
sociation at rotation angles of 86° and 29° (Fig. 1, 
E and F), The obtained tetramer fractions ranged 
around 6 (Fig, 2C). For all three mutants, rechro- 
matography resulted in pure tetramers, indicating 
that they were stable, and adopted structures sim- 
ilar to those of Fig. 1, E and F,as defined by the 
Positions of the mutations. We produced a total of 
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Fig. 2. SEC of modified and native proteins 
(24), Each peak is abeled with its apparent mass 
(KO). Initial runs are given in solid lines, 
Techromatographed fractions in dashed ines, 
‘and standards in dotted lines. (A) Pga-A with 
monomer and covalent-dimer standard (24). (B) 
Pga-D with monomer and covalent-dimer stan- 
dard (24). (C) Oas-A with rechromatographed 
tetramer and dimer. (D) Uro-A with wild-type 
standard. (E) Rua-A and Rua-E (dash-dot line) 
with wildtype standard, The Rua-B and Rua-C 
distributions were identical to that of Rua-A. (F) 
Hexadecameric Myp-A with octameric Myp-B as 
standard (24). 
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35 mg of tetramers, which we used in various 
crystallization screens. These attempts yielded a 
number of initial crystals. Among them, one Oas- 
CC exystal form grew to sizes suitable for an x-ray 
analysis. Unfortunately, it contained only dimers 
(Table 1 and tables SI and S2). 

With Uno we followed the same approach as 
with Oas. We chose a tail association at the 
nicotinamide adenine dinucleotide (NAD") do- 
mains and found a suitable rotation angle of 65° 
(Fig. 1G), We introduced two small nonpolar side 
chains in place of two polar side chains and ad- 
Jjusted one nonpolar side chain in onder 10 im- 
Prove the fit. The resulting mutant, Umo-A, 
formed a tetramer faction of SIP or more (Fig, 
2D). The purified tetramer was stable in SEC and 
DLS (Table 1). It was crystallized, and the struc- 
ture was established at high resolution (24), The 
actual tetramer followed the design in general 
terms (Fig. 3A), Ananalysis showed that the two 
observed contacts between the four NAD* do- 
mains were nearly identical, which confirmed 
that they were highly specific. However, the con- 
tact that was actually produced deviated from that 
Which was designed by a relative shift of about 
1.5 A between the contact partners, and this shift 
\was incompatible with the designed D3 symm 
tty (Fig, 1G). 

Apparently, the designed contact was 40 
strong that this incompatibility caused a disrup- 


o3% 
Tk 


tion of the associated proteins themselves rather 
than preventing contact formation. The observed 
new contact caused two of the four NAD* do- 
mains to be lified off the protein cores, one in 
cach dimer. This was unexpected because the 
native contact area between core and NAD" 
domain was much targer than the newly formed 
imerface. As a consequence, the designed global 
Dy symmetry broke up into four local Cy 
metrics, the axes of which were tilted by al 
10° and displaced by about 2 A in relation to the 
Ds design (Fig 3A), However, the tetramer kept 
global Cosymmetry defined by the twofold axis 
pointing toward the viewer. 

Rus is a Cesymmetric tetramer that is asso- 
ciated via its C-terminal domains, whereas its N= 
terminal domains dangle like tails into the solvent 
(Fig. 1H), We designed the Dy-symmetric taltail 
complexes Rua-A, Rua-B, and Rua-C with inter- 
dligitating tails and very large interfaces: (Tab 
1 and table $1). Given the contact mulplic 
8 forthe design, singe point mutations in Ri 
and -B and a double mutation in RuaeC 
to yiek! 100 


formed the designed octamer (Fig. 38), wher 
Rus-B formed an octamer with displaced four 
fold aves (Fig, 3C) and Rua-C dissociated into 
tetramers during crystallization (24). Sumprising- 


Fig. 3. Established oligomer structures (24). All mutations are marked by purple spheres. (A) Crystal 
structure of C-symmetric Uro-A showing the twofold molecular symmetry axis (ed) and four local twofold 
axes relating the cores (darker colors) and the NAD" domains (light colors) to their counterparts. The 
interface between core and NAD* domains was broken in the lower left and upper right chains. (B) Dar 
‘symmetric octamer Rua-A. (C) Ce-symmetric octamer Rua-B. (D) Negatively stained electron micrograph 
‘of Rua-E showing the fiber association and a Rua-A octamer (B) atthe scale defined by the box edge. (E) 
Native mycobacterial porin (28), The encircled membrane-immersed part was deleted, giving rise to Myp- 
‘A. (P) De-symmetric association of two Myp-A molecules (top and bottom ring). The positions of the S2- 
residue deletions are marked by red spheres (fig. SID). 
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ly, the observed contact area of the Rua-B 
‘octamer was only 60% of the planned one, and 
its symmetry was merely Cz (Table 1). However, 
it turned out that its average side-chain mobility 
\was 32° (angular spread) compared to 43° of the 
respective area of the designed contact (Fig, 1B). 
We therefore suggest that the unexpected contact 
is explained by a lesser ratuction of the side- 
chain mobility, which amounts to. lesser entropy 
reduction on association, 

Following the successful tail association, 
we designed the Dysymmetric head-head octa- 
mer Rua-D (Fig, TH), which showed an octa- 
meric fraction of 60% confirmed by SEC and 
DLS (Table 1). However, the octamer faction 
‘yielded crystals that contained only tetramers. In 
the next step, we combined the tal-ail mutant 
Rua-A with the head-head mutant Rua-D, result- 
ing in the headl-tail mutant Rua-E, With its con- 
tact surfaces at both ends of the fourfold axis, 
Rua-E was designed to form polymers. The po- 
Iymerization was confined by SEC (Fig. 2E), 
Moreover, electron micrographs demonstrated 
that these polymers formed the expected fibers 
(Fig. 3D). 

Ina separate project, our aim was to produce 
4 soluble eaier for lange nonpolar molecules, 
such as organic catalysts, by removing the 
membrane-immersed part of the mycobacterial 
Dorin Msp (28), A 52-residue deletion yielded 
Myp-A (Fig. 3, E and F), To oursumprise, Myp-A 
formed a soluble hexadecameric complex 
instead ofthe expected octamerie ring. The hexa- 
decamer Wats identified by SEC of Myp-A. in 
‘comparison with the oetameric mutant Myp-B 
(24) (Fig. 2F), Myp-A was erystallized and struc- 
tually elucidated, showing & Deesymmetric dow 
bile ring associated at the position of the deletion 
(Fig. SF). 

Reviewing our data, we find that the intro 
duction of large nonpolar side chains is an eff- 
cent means of constructing permanent contacts, 
‘Our experience with Pka-A, -B, -C. and -D was 
that only a few of them were necessary 10 
produce contacts with very low dissociation and 
association rates at 4°C under physiological con- 
ditions. However, such side chains tend to reduce 
the protein yield (24), presumably because of 
folding problems, Moreover, these easily obtained 
contacts were most likely not well defined because 
extensive erysallization attempts with PyaeC and 
Pyx-D dimers never resulted in crystals (24), 
\which is uncommon for rigid proteins but a well- 
known problem with, for instance, ftsion proteins 
(29), We conclude that itis relatively easy to form 
complexes by introducing large nonpolar side 
chats phenylalanines or tryptophans, but 
jcult to construct a rigid one. 
ht of our observations with Pea, we 
introduced smaller nonpolar residues. such as 
Valines and isoleucines into dimeric Oas and 
dimeric Uro, The mutants of Oas were tetramers 
in solution and yielded small crystals. However, 
itwas only possible to establish a erystal structure 
ing a native dimer. Along the same lines, 
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the Rua-Cand Rua-D octamers found at pH =7.0 
in SEC and DLS yielded crystals at this pH that 
contained only native tetramers (24) (Table 1). 

Moreover, a second erystal form of Rua-A 
‘grown at pH = 49 in a low-polarity solvent con- 
tained only tetramers, although Rus-A. formed 
100% octamers in this pH range in SEC and 
DLS. The same applies for a scoond crystal form 
of Rua-B grown at pit = 5.0 in a low-polarity 
solvent. In both eases, the tetramers observed in 
the erystals were confirmed by SEC analyses at 
conditions close to those of the respective erystal 
forms. We conclude that the produced Rua octa- 
mers were strong enough in a mild physiological 
environment but failed 10 withstand harsher 
crystallization conditions in, for example, high 
salt concentrations, extreme pH values, oF low- 
polarity solvents, Achieving stability in a broad 
anige of unphysiological conditions is a. more 
dlifficult task, 

‘Symmetry is an important factor in protein 
association because it enhances the multipficity 
of a single point mutation (Fig. 1A), The highly 
symmetric Rua octamers with a contact mul 
Aiplicity of 8 form complexes afier merely one or 
{wo mutations, and the 16-fold contact of Myp-A 
required no designed mutations at all, On the 
cother hand, high mukiplicity is hazardous for 
evolving organisms that need to avoid detrimen- 
tal mutations. This may explain the rare occur 
rence of Cy tetramers such as Rua compared to 
the ubiquitous D; tetramers, because Cy can 
associate with eightfold contacts whereas the 
contacts in an association of Ds symmetric 
partners are fourfok! at most (fig. $4) 

‘To what extent did our constructs follow the 
design? The answer depends on the details avail- 
able. For all reported matants (table SI), the de- 
signs (Fig. 1, Ct 1) were confimed by the 
‘comparatively rough SEC and DLS data, Uro-A 
fitted the design at low but deviated at high 
resolution. The same applies for the Pua and Oas 
complexes, where the mutations most likely form 
the contacts. The available high resolution of 
Uro-A revealed that the novel contact deviated 
slightly from the design but was so strong that it 
‘caused the opening of a lange, surprisingly weak 
interface within the protein partners (Fig. 3A). 
Rua-A followed the design except fora 3 A shift 
that did not change the symmetry (Fig. 3B), 
‘whereas Rua-B formed an unexpected C sym- 
metric complex with a much smaller contact area 
(Fig. 30), Because this Rua-B complex can be 
explained by the influence of the side-chain mo- 
bility, the mobility is probably an important factor 
in contact design. Our experiments, demonstrate 
that the production of a particular contact is quite 
feasible, whereas high precision seems difficult to 
achieve. 
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RTS 
Membrane Phosphatidylserine 


Regulates Surface Charge and 
Protein Localization 


Tony Yeung,” Gary E. Gilbert,? Jialan Shi,? John Silvis, Andras Kapus,* Sergio Grinstein’* 


Electrostatic interactions with negatively charged membranes contribute to the subcellular targeting 
of proteins with polybasic clusters or cationic domains. Although the anionic phospholipid 
phosphatidylserine is comparatively abundant, its contribution to the surface charge of individual 
cellular membranes is unknown, partly because of the lack of reagents to analyze its distribution in 
intact cells. We developed a biosensor to study the subcellular distribution of phosphatidyiserine and 
found that it binds the cytosolic leaflets of the plasma membrane, as well as endosomes and 
lysosomes. The negative charge associated with the presence of phosphatidylserine directed proteins 
with moderately positive charge to the endocytic pathway. More strongly cationic proteins, normally 
associated with the plasma membrane, relocalized to endocytic compartments when the plasma 
membrane surface charge decreased on calcium influx. 


Te targeting of prot 


jonic motifs (7). The un 


(C2 from glass microspheres coated by phospho- 
lipid bilayers containing 20% PS and 80% pho 
phatidylcholine (PC) (liposphers). Liposomes 
containing $ to 20% PS reduced Lact-C2 binding 
plasm Aeaflet has bee in 10 the lipaspheres in a concentration-dependes 

part, 10 its high polyphosphoinositide content. manner (fig. S1C), whereas liposomes containing 
Phosphatidylinositol-4,5-bisphosphate [PI(4,5)P3]__ only PC (fig. SIC) or physiologica 
and_phosphatidylinositol-3,4,$-trisphosphate _ cither phosphatidylinositol (PI) or PI4,S)P2 had 
[Plas ct and retain no effect (Fig. 1A), Lact-C2 fused to green fluo- 
protein (GEP-Lact-C2) also bound ex- 
ly 10 PS-coated beads but not to those 
‘coated with PC or phosphatidykthanolamine (PE), 
‘or with anionic phospholipids such as phos- 


‘ma membrane (2). Although they are poly valent, 
polyphosphoinositides represent only a minor 
tion of the phospholipids of the plasma mem- 
borane andl are less aby than phosphatidy 
serine (PS), the predominant ani 
which represents 10 of all surface lipid 
(3), The extent to which PS contributes to the 


- 


which confirmed the sel 
the bacterially expressed C 
We next expressed GFP-Lact-C2 in both 
wild-type and mutant Saccharomyces cerevisiae 
deficient in PS (8), GFP-Lact-C2 was observed 
predominantly on the plasma membrane of the 
wild-type yeast (Fig. 1C); however, it was cyto 
n the PS-deficient mutant (Fig. IC), 
Although a contribution of protein-protein inter- 


ruled out, these 
mbrane bind: 


actions cannot be comple 
findings demonstrate th 
Lact-C2 requires PS. 
The plasma membrane of RAW264,7 macro 
es was similarly labeled by the GFP -Lact-C2 
(Fig. 1D). Ackitional, intracellular vesicles 
ee decorated with GFP-Lact-C2 (Fig, 1D), and 
imilar distribution was noted fer the C2 domain 
of fictor VII, which also binds PS (9) (fig. SX), 
CCemtain key residues in the C2 domains of fictors 
Villand V (fig. S2) are required for these proteins 
to bind PS, Mutation of the equivalent residues 
in GFP-Lact-C2 obliterated its ability 1 bind PS 
in Vito (Fig, 1B) and rendered the construct ey= 
tosoli inn 


We-C2 was driven spe 
lly by PS and not by First, 
plasmalemma tungcting of GFP-Lact-C2 persisted 
 PI4,S)P2 was depleted by cither synaplojanin 
2 (lig. S4A) oF InpS4 (an inositol $-phosphatase) 
(ig. $4, B and C), Lact-C2 remained bound to 
the membrane, despite elimination of PI3.4.5)P, 
with wortmannin (fig. S4, A and C) or when 


brane binding of GFP- 


Be 
g 
targeting and retention of cationic proteins in 2 Bog a, 
coll isu, Docs suas posto mon BE Row, 
itr PS distibuton in five cells are lack 2 mare 
We wanted to devslopa probe wo monitorihe BRO4, RSet pe eee 
endoscs dition of PS in itt calls Boe « 
Lactadhrin, a glyoprotin of ik, binds PSina EB # 
calciumindependnt manner (4,$), with hema B#°%> yy ag 
jor PS-binding motif localized to its C2 domain [Phoeghelckl ht) 
We used the C2 domain of latadherin (Lact-C2) 
neti “8 
23 
3» 
by thoes B35 sormusce 
cence resonance energy transfer (7) (fiz. SLA $2 ae 
and B), We assessed the effectiveness of lipo 2 ss 
somes Of varying composition to displace Lact c = L 
“ ee see Fig. 1. Characterization of the PS probe Lact-C2. (A) Com- 
{pjvsion of Cell Biology, The Hospital fr Sick Children, 2 EL Ea Ee 2 petition for tact-C2 by liposomes of varying composition. 
Toronto MSG 1X8, Canada. “Department of Medicine. é é Fs] Fs kee z Fluorescein-labeled Lact-C2 (2 nM) was added to a mixture of 


Department of Veterans Affairs, VA Boston Healthcare 
System, Brigham and Women’s Hospital, Harvard Medica 
Schoo, Boston, MA 02115, USA. "Department of Bio- 
chemistry, McGil University, Montreal H3G 1Y6, Canada. 
*keenan Research Center n the Li Ka Sheng Knowledge 
Institute of St. Michae’s Hospital and Department of 
Surgery, University of Toronto, Toronto MSB 1W8, Canada, 
‘To whom correspondence should be addressed. Email 
saa@schidsca 


11 JANUARY 2008 VOL 319 SCIENCE 


lipospheres containing 20% PS and 80% neutral. lipid with 
increasing concentrations of liposomes containing the indicated mole fraction of anionic lipids (the 
balance was PO). (B) Binding of wild-type GFP-Lact-C2 (black bars) or GFP-Lact-C2-AAA (6, 15) (white 
bars) partially purified from HeLa cells to C18-nucleosil beads coated with PC alone or with PE (20%), PG 
(207%), PA (20%), Pl 20%), PI1,5)P. (PIP3) (2%, 5%), or PS (5%, 20%). Data expressed relative to PC- 
‘only beads. (C) Confocal images of wildtype 5. cerevisiae (left) and a PS-deficient mutant (cho2) (right) 
‘expressing GFP-Lact-C2. Scale bars here and elsewhere are 2 yim. (D) Confocal images of RAW264.7 
macrophages expressing GFP-Lact-C2 (eft) or GFP-Lact-C2-AAA (right). 
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PU4.S)P2 and PI3A.S)Ps were eliminated by 
we (ATP) depletion ( 
ly. the accumulation of 


adenosine 5'-riphosph 
S4, D and E). Simib 
Lact-C2 on endomembranes 
when phosphatidylinasitol 3 

S4F). Las 
negativity of the plasma membrane by addition 


achang. 
hosphate [PI 


was depleted (fig, reducing 


of sphingosine (a membrane-permeant base) or 


jonic sterol) was with 


squalamine (a. divalent ¢ 
out effect on GFP- Lact-C2, but induced a drastic 
radistribution of surface charg SS, 
\ and B) (0), 

Next, we identified the endomembrane oF 
nelles bearing PS on their cytosolic surface by 
colocalization ana (Fig. 2A), 
the Golgi complex (Fig. 2B), and the endoplas 
mic reticulum (Fig. 2C) did not colocalize 


sis. Mitochon 


significantly with Laet-C2. These findings were 
unexpected because PS is synthesized, trans 
ported, or meta 
The concentration of PS in org 


ed in these compartments 
nclkes of the 
secretory pathway may be lower than that of the 
andor PS may be la 


plasma membrane ly 
confined to their luminal leaflet. In contrast, ex 
observed between the endo- 
2D). Various 
subcompartments of the endocytic pathway were 
labeled with Lact-C2; early endosomes (Hig. S6, 
A and B), late endosomes (fig. S6C), and lyso- 
somes (Fig, S6D) all colocalized with the PS 
probe, 

The presence of PS, 


tensive overlap w 
athway and LactC2 (F 


an anionic lipid, may 


confer negative surface charge to endosomes and 


Iysosomes, To test this hypothesis, we expressed 
a series of surtace change biosensors. These 
probes combine a hydrophobic famesy! chain 
With an adjacent sequence of varying net positive 
charge (/1). The most cat 
(81), which is expected to accumulate on mem. 


nic of these biosensors 


localized preferentially to the plasmalemma (Fig 
3A), which supports the notion that this membrane 
bears the most negativity on its inner surface 
likely because of the unique 
phosphoinositides (/, /2, 13), Accondingly. the 8 


probe wats observed to relocalize from the plasma 


Fig. 2. Subcellular dls 
tribution of PS in maco- 
phages. (A) Macrophage 
covxpresng the monomer 
ic form of red furesent 
protein. (mRFP)-Lac-C2 
(et) and_mitochondria- 
targeted GFP (mito-GFP) 
(mide). Overlays of both 
images shown in right 
panel here and below. 
(B) Macrophages express 
ing GFP-Lact-C2 (eft) 
were stained wth anti 
bodies: to GM130 (mid 
dle). (©) Macrophages 


pembrane to intemal 
and PI3.4.5)P depletio 


pelles ater PU4S)P2 
(fig. SSC) 


By contrast, the Ic 


cationic probe (2+), 
Which is targeted predominantly by hydrophobic 
With intracellular 


interactions, associated 


membranes (F ressive increase in 


the number of positive charges should. favor 
interaction of the biosensors with more ne 


ly char 


sd membranes. Indeed, the fraction of the 
fluorescence associated with the plasma mem. 


brane inereased lly along with the change 
of the probes (Fig. 3, A and B), This was 
accompanied by redistribution of the fluores 
cence in endomembranes. Whereas the famesy 


lated 2+ probe clearly associated with reticular 
and juxtanuclear structures, which feature prom 
incntly components of the secretory pathway, the 


6° probe bound to the plasmalemma and to a 


more discrete, vesicular subpopulation (F 
A 4> probe showed an intenmediate distribution, 


Thus, the surface charge of the reticular and jux 
tanuclear membranes may be less negative than 
that of the more randomly distributed vesicular 


membranes. 
The nature of 


1¢ Vesicular compartment and 


the source of its negative surface charge were 
revealed when we compared the distribution of 


the charge biosensors with that of Lact-C2, The 


wull 


Fig. 3. Cationic surface charge 
probes are preferentially at 
tracted to PS-containing oF 
ganelles. (A). Macrophages 
cotransfected with mRFP-Lact- 
2 (middle) and a series of 
GFP-tagged surface charge 
probes containing a famesyl 
anchor and a cationic motif 
with 2 to 8 postive charges, as 
indicated (ef. Overlays shown 
at right. (B) Quantification of 
colocalization of surface charge 
probes wth Lac-C2 The Manders 
Coefficient indicates the fraction 
of the surface charge probes 
that colocalize with mRFP-Lact 
2. The contribution to the 
overall Manders coefficient of 
the plasmalemma (blue) and 
ofall intracellular endomem- 
branes (red) is indicate. 


coexpressing mRFP-Lact-C2 (lef) and the endoplasmic reticulum marker KDEL-GFP (middle). (D) Macrophages expressing GFP-Lact-C2 (left) incubated 
45 min with FA4-64 to label the endocytic pathway (middle). 
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compartments of intermediate negative surface 
charge (lower than that of the plasmalemma, but 
higher than that of secretory membranes) identified 
by the 6» probe were clearly labeled by Lact-C2 
(Fig. 3A). Surface charge biosensors with pro- 
gressively lover positive charge showed steadily 
decreasing colocalization with the PS probe (Fig. 3, 
A and B). This implies that the eytosolic Kraft of 
endosomes anxlor lysosomes is negative and that 
the charge is conferred, at least in part, by PS. 

Two additional lines of evidence indicate that 
PS contributes to the recruitment of change bio- 
sensors to the membranes. First, in ATP and 
phosphoinositide-epleted cells, the 8+ probe 
panially relocalized from the plasma membrane 
to intemal organelles (fig. SSC), The redistribution 
was not random; the 8+ probe was targeted to 
intemal membrancs that bound LactC2 (fig. SSC. 
Moreover, «considerable faction of Lact-C2 
ped atthe plasmalemma, despite the fact that 
Ps and PICR.4,5)P were no longer detectable 
(fig. S4, D and E), This suggests that PS, which 
posists in the membrane of ATP-depheted cells, is 
responsible for retention of the +8 probe. Accond- 
ngly, we found that, although the °8 probe is 
nod on the surface membrane of will 
sr ATP depletion, itis largely lost from 
the membrane of PS-deficient yeast (fig. S7) 

The finding that PS-enriched endomembranes 
recruit proteins beuring sequences with a moder- 
ately cationic charge has important functional 
Although the plasma membrane is 
form where most signal tr 


implications 
the pl 
events ane 


ssduction 


tiated, endomembranes are incre: 
ingly recognized as sites where signals can be 
further propagated and amplified (4). We there 
fore analyzed whether the ne 
ciated with the enrichment 
compartments contributes 10 the re 


endocytic 
iment of 


molecules to these loci. Particular atten- 
jven to mokcules that, like our char 
biosensors, have both a hydrophobic membrane- 
g moiety and a cationic motif of inteame- 


this description. ¢-Sre, 
which contains $+ charges at its myristoylated N 
terminus, was found at the plasma membrane and 
in a vesicular compartment that overlapped & 
tensively with Lact-C2 (Fig. 4 and 
active forms of Rac 2 were similarly 
found in PS-containi ines. OF note, the 
more cationic Racl (6*) associated predomi 
nantly with the plasmalemma, with a. smaller 
action in endomembranes, whereas the con. 
verse was true for the less charged (3*) Rac 2 
(Fig. 4, A and B), That Racl is directed to the 
surface membrane by its cationic 
by the observation that a mutant wher 
neutralized by replacement of tail 
ds with glutamine (Q) (Rac 
(6Q) (/5) had a widespread distribution reminis 
ccentof the 2+ probe (Fig. 4), The colocalization 
‘of moderately cationic proteins with PS-enriched 
membranes extends to other Rho 
like Cdo42 


amily prot 
nxt to members of the Ras and Rab 
g.S9), By contrast, 
phatases like RheB that b 
in their tail partition 

membranes, setting 


uanosine triphos- 


1 positive charg. 
discriminately to most cell 
an upper limit for purely 
coincidental colocalization with Lact-C2 (Fig. 4. 

The electrostatic interaction that 
naling molecules to PS-enriched endomembranes 
‘can be modulated by varying the surface chan 
‘of the membrane or by altering the net charge on 
the protein, K-Ras, which carries 8* changes at its 
(C-terminal tail, is located primarily at the plasma 
membrane in resting cells (/6) (Fig. 4A). When 
cytosolic calcium rises, plasmalemmal PS is ex 


fe owenenteanes 
Spina mentrane 


et charge of 
membrane: targeting regen 


Manders coefficient 


Fig. 4. Proteins with cationic domains 
ate recited to PS-containing compart- 
ments. (A) Macrophages coexpressing 
mRFP-Lac-C2 (red) and one of the fol- 
lowing: c-Stc-GFP, GFP-Racl(Q61b), 
GFP-Racl(Q610)-60 (inset), cyan 
fluorescent protein (CFP}-Rac2(Q61D, 
CFP Rhe®, GFP-K-RasiV 12) (activated 


Ras with two tail Ser and one Thr replaced by Glu to mimic phosphorylation), or GFP-K-Ras (green) (6) (Top, 
right) Overlay of mRFP-Lact-C2 and c-Src~GFP. Where indicated, cells were treated with ionomycin, (B) 
Quantification of protein colocalization with the PS probe, measured as the Manders coefficient. The 
contribution of the plasma membrane (blue) versus that of endomembranes (red) is indicated. 
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temaling 1d PI(4,5)P2 is hydrolyzed. As a 
the plasmalemmal surface change decrea 
and becomes comparible to that of endomem- 
branes, which now compete effectively for binding 
of K-Ras (Fig. 4, A and B), Conversely, post 
translational modifications, like phosphorylation, 
that reduce the net charge of the cationic tail of 
K-Ras can also alter its localization (/8), Aecord- 
ingly, a phosphomimetic K-Ras mutant with three 
serinc- or thnconine-to-glutamate subst 
its polybasic domain (K-Ras-3E) relocated from 
the plasm notably 


ations in 


emma to endomembrane 
those enriched in PS (Fig. 4), 

The presence of sizable pools of PS on the 
‘ytosolic Jeallet of endosomes and lysosomes im 
plics that these compartments can serve to dock 
proteins with PS-binding C2-domains, which in- 
clude a number of important signaling and aso. 
genic effectors, The accumu 
lipid also produces the aceretion of negative sur 
face charge. As a result, polycationic proteins, 
particularly those bearing a hydrophobic anchor 
age site, associate with PS-cnriched compartments, 
including endosomes and/or lysosomes, Electro- 
static binding will occur in a manner dependent 
il that 


nembrane 
of the ligand, such that the most-ne 
ne (i. the phism will overwhel 
ly accumulate prote 
Jess-positive proteins associate with the plasma 
memb so with 


is dynamic, changes in charge can re- 
direst proteins f target membrane to ant 
«x. Thus, diminution of the plasmalemmal charge 
ied by phospholipid redistribution or metab. 
olism, oF phosphorylation of proteins like K-Ras, 
‘can localize them to endocytic membranes, where 
they could catalyze a different set of reactions. 
ly, interaction with the surface charge of 
membranes is but one of the deter 
in targeting, and other 
neglected. However, the contribution 
of clecttostatic attractions, particularly in endo. 
should be reevaluated. The electro 
static switch theory (/9) may be extended to 
include intermembrane redistribution of ligands 
in response to charge alteration, 


\ypes of interactions 
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The Limits of Counting: Numerical 
Cognition Between Evolution 


and Culture 


Sieghard Beller and Andrea Bender™ 


Number words that, in principt, allow all kinds of objects to be counted ad infinitum are one basic 
requirement for complex numerical cognition, Accordingly, short or object-specific counting 
‘sequences in a language are often regarded as earlier steps in the evolution from premathematical 
conceptions to greater abstraction. We present some instances from Melanesia and Polynesia, 
whose short or object-specific sequences originated from the same extensive and abstract 


sequence. Furthermore, the object-spec 


‘sequences can be shown to be cognitively advantageous 


for calculations without notation because they use larger counting units, thereby abbreviating 
higher numbers, enhancing the counting process, and extending the limits of counting, These 
results expand our knowledge both regarding numerical cognition and regarding the evolution of 


numeration systems, 


he discovery of the largely restricted (/) 
T« probably even nonestont (2) mk 

‘eration system of the Pirahii in the 
Amazonian Basin contributed to the discus- 
sion of how numerical cognition depends on 
fanguage. Numeration systems are cognitive 
tools for numerical cognition (3-4), and the ex- 
perimental evidence gathered among the Pirahit 
provided a sound bxisis for an analysis of how 
such tools interact with the cognitive processing 
‘of numbers, Cognitive tools, like tools in gen- 
eral, may be more or less efficient, and re- 
spective differences in efficiency have been 
demonstrated both for notational (7, 8) and for 
Purely linguistic numeration systems (9-12) It 
should be noted, however, that the assessment 
‘of whether a feature is efficient always depends 
‘on the nature of the task and on the context of 
usage and that the efficiency of a specific nue 
eration system does not say anything about 
the cognitive abilities of its users. 

Apart fiom their efficiency, cognitive tools 
‘ean also be ondered according to their presumed 
evolution, Because tools are typically developed 
in order to inyrove ther efficiency, itis reasonable 
to assume that numeration systems evolve from 
being simpler to more sophisticated (6, 13-15) 
But ean one also conclide that the simpler a nu- 
Imeration system, the older it ix? Although the 
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authors of the recent stuxtics on the Amaanian 
ceases were careful not to draw this conclusion, 
the evolutionary status of the Pirahil system has 
‘become a matter of lively debate, both inside (2) 
and outside of academia. We propose that draw- 
ing conclisions on the cognitive and evolutionary 
status of specific numeration systems requires 
both diachronic and synchronic data. We set out 
to highlight the cognitive efficiency of some alk 
legedly primitive systems in another part of the 
\work! and to show how they may have evolved 
from abstract to more specific as a result of cul 
tural adaptation 

Among the properties commonly taken as 
indices for the simplicity of a numeration sys- 
tem are its extent and its degree of abstractness. 
The two are largely independent of each other, 
‘both on theoretical grounds as well as in prac 
tice, and they differ in terms of the attention they 
‘have attracted: Whereas the extent of numeration 
systems has been extensively addressed recently 
(2, 2, 12), the degree of abstractness has large 
been nevketal so far. We will illastate the 
[properties with two instances for each but will 
focus on the second feature. 


One region where systems with limited extent 
abound is Papua New Guinea (16). Takia, 
language in Madang Province, contains five 
numerals—kaik, uraru, mol, hvaiwo, and kafisn 
{also denoting “hisher thumb”). Higher numbers 
may be composed by adding or muhiplying 
‘numerals to the word for 5, but this seems to have 
bboen done rarely and for low numbers only (17) 
Adzera, a related language in the Markham River 
valley in Morobe Province, contains an even more 
restricted system. Its number words for | to S are 
composed of numerals for | and 2 only: hits, iru", 
dru da bits (= 26 A), iru? da iru? (» 2 2),and 
ind’ da iru’ da bits (2% 2% 1), Although 
‘because of its recursive character this system is in 
principle e inevitable difficulties in 
tallying the terms in higher-number words render 
it cumbersome. In such cases, people nowadays 
prefer to use loan words from Tok Pisin instead, a 
fereoke language based on English and used as 
Jingua franca in New Guinca (18). 

‘These two numeration systems are admittedly 
not. as simple asthe case ofthe Pirahi system, but 
their low bases and the lack of higher powers of 
their base restrict both of them. Although nue 
merical cognition among the two Melanesian 
groups has not been studied experimentally, it 
‘can be inferred by analogy’ that, with such re 
stricted systems, precise mimerical operations 
shoud be laborious, if not impossible, for larger 
numbers (/, 12. 19), 

The second property that is readily taken as 
evidence for restricted efficiency of a numeration 
system is its object specificity. Menninger 
inferred that the more object-specific count 
sequences a language contains, the more anti 


4quated the numeration system is (14), One of 


the languages referred to as having such object- 
specific counting sequences is Old High Fijian, 
Janguage in the eastem part of Fiji: Whereas it 
denotes 100 as hola when canoes are counted, for 
mits koro is used (20), Similar object- 
‘counting sequences can be found in the 
related Polynesian languages. On Mangareva, for 
island group in French Poly 
nesia, tools, sugar cane, pandanus, breadfuit, and 


Table 1. Numerals in traditional Mangarevan (abstract sequence). 


Single numerals Power numerals (quantities) 
1 taht 6 ono 0° rogovuu = 2+10® ——makiukiu 
2 mwa 7 ity 2-10" takau 2-10% —makore 
3 tou 8 va 2-10? rau 2-107 makorekore 
4 ha 9 va 2-107 mano 26108 tini 
5 rima 2-10 makiu 2-10? _macaea 
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‘octopus were counted with different sequences 
(21), From an evolutionary point of view, i ap- 
Pears reasonable to regard such specific counting 
systems as predecessors of an abstract mathemat- 
ical comprehension. But surprisingly, these same 
systems offen also contained numerals for large 
powers —as far as 10° in Mangarevan—thus 
defining an extent not compatible with the 
conception of “primitive” numerical tools. 

Why did we pick these particular instances? 
All four linguages belong to the same linguistic 
cluster, nam subgroup of the 
and all inherited 


system with (at least) two powers of ba 
from their common ancestor, Proto-Oceanic 
(17, 22, 23), Both the relative limitation of the 
‘hwo numeration systems in Papua New Guinea 
and the specific counting sequences in Fiji and 
Polynesia therefore constitute subsequent devel- 
‘opments, Although the former might count as a 
‘ease off regression in evolutionist terminology, 
the Polynesian cases are more complex and 
therefore require an elaborate analysis, 
‘Traditional Mangarevan contained an ab- 
strict numeration system (Table 1) and three 
additional counting sequences for specific: ob- 
jects (22), As can be seen from Table 2, each of 
these sequences contained quantity terms differ- 
cent from the abstract power numerals and ap- 
pears to have proceeded in diverging steps 
However, this apparent divergence disappears 
when the value of the counting unit to which 


these sequences refer is extracted. For the first 
group of objects, the smallest unit tanga equals 
2. for the second it equals 4, and for the third it 
‘equals § (or the polynomial composition and 
the sequence pattems, soe Fig. 1C) (24). 

Specific counting sequences were adopted in 
nearly every language in Polynesia and even 
‘beyond, and they all operated with counting 
units other than 1 (25-27), However, despite 
‘being based on the same construction principles, 
each of them was idiosyncratic with regard 10 
the value of counting units, the objects of ref 
ference, and even to the numeration principles 
themselves. This indicates that each culture 
adapted its inherited system individually, in re- 
sponse 10 cultural needs. With only a few ex- 
ceptions, the specific sequences regularly 
accompanied a general sequence that was purely 
‘decimal and abstract (28). Because this general 
sequence is constructed according to simple and 
coherent rules (Fig. 1A), it fulfills unlike the 
English or German sequences (4, 5, 9-11)—all 
of the requirements of a well-designed and eff 
cient numeration system. Why, then, the object- 
specific counting sequences! 

(One of the remarkable facts about numeration 
systems in Polynesian languages is their large 
extent. Clearly, Polynesians were interested in 
high numbers and had a need to operate with 
them (25), For instance, in precolonial times, 
Mangareva was home to a highly stratified 
society and was a junction for the long-distance 
exchange of goods. Accordingly. tributes and 


{arge shares for trade were regularly due (29-3), 
However without notation, dealing with larg 
numbers is difficult. In this context, specific 
‘counting sequences served practical reasons. 

‘Their main effect was to abbreviate numbers 
by extracting from the absolute amount the fic 
tor inherent in the counting unit, This extraction 
has implications for critical factors for mental 
avithmetic; It directly affects the problem size 
effect in that it reduces calculation time (3), and 
it indirectly affects base size (4). Although large 
bases ane more efficient for encoding binge 
numbers and may, by virtue of compact intemal 
representations, tal operations, they 
also require the memorization of larger addition 
and multiplication tables. Small bases, on the 
‘other hand, are cumbersome for the representa- 
tion of large numbers but advantageous when it 
‘comes to simple calculations. This holds pa 
ularly for the binary system, as is well known 
since the work of Leibniz. 

In Mangarevan, a prcoceupation with 2 is 
apparent, Not only do the three specific sequen 
differ with regard to the value of their counting 
unit zaxga by factor 2, but their general decimal 
pattem is also modulated with elements of binary 
system Because of is imegularitie, the Mangare 
‘an system gave rise to disadvantages not faced by 
other Polynesian languages. with more-regular 
specific systems, but the disadvantages. were 
‘compensated by a range of fxilitation effects 

One of these effects was that cou 
specific objects was enhanced by counting them 


Table 2. Different counting sequences in Mangarevan, ordered by number of breadfuits and octopus of a season. Elipses indicate that parts ofthe counting 
single objects counted. Group 1 consisted of tools, pandanus, sugar cane, and sequence were omitted for reasons of space; dash entries indicate that a 


breadfruit; group 2 of ripe breadfruits and octopus; and group 3 of the fist 


regular number word is lacking for this number in the respective sequence, 


Objects de Bae ae 8. BO. 20e Asse 80s 16D. 200s 320s» Dare 
general hia vary rogo'uru —takau au 
group =~ tauga rua tauga hd tauga paua = tatava vary rua vary ha vary varu varu 
group2 = tauga ua tauga~ paiva tataua vary ua varu hl varu 
grup - tauga - = paua_tataua varu rua varu 
A Regular numeration systems (Polynesian languages) C Object-specitic numeration systems (Mangarevan) 
Ne [Oyo] +... + (0 Qye] + 4 Qy] + [n) ‘N= (InQqg + [Oza + 10g + ny) -x 
Te hal 
: __jeett® 
2 isl [TTT ie : 
LEE TT# lee tens) (hundreds) ee 
1041 single units goes [ala 
gue? ale 
in H 
B General numeration system (Mangarevan) 0, (taupa) 
Nein ot 
MQalt~+hQesAl+leCesol+Ivl+ Pl cay Fig. a steps of tree types of numeration sytem: (A) the regular ane 


oe 
i 

ES 90) 0. so (tens of pairs) 

Wel TTT he: ten) (hundred of pairs) 


word, m= {1, 


104) single wits 
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prevailing in most Polynesian languages, (B) the general system in 
Mangarevan, and (C) the object-specific ones, occurring in three variants 
{indicated in the polynomial by x < (2, 4, 8)). N indicates the number 
9}; Q,, the power term or quantity, with indexed number 
referring to the numerical value. Gray squares represent possible terms in 


the polynomial, with numbers inscribed indicating the value (equal to the 
amount of single items referred to). Rows of squares (equal to quantities Q) are denoted by the words subscribed; numbers superscribed indicate the numeral n, 
‘multiplied by the respective quantity Q. The numbers on the right indicate the factor by which a level in the polynomial is multiplied to reach the next level. 
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in larger units (of pairs, quadruples, or eights). 
In addition, extracting the respective factor ex- 
tended the limits of the counting sequence, but 
more importantly it also abbreviated higher num- 
bers and consequently combined effects of lange 
and small base sizes: Encoding produced com- 
pact number representations (eg.. 48 ripe 
‘breadfiuits could be represented as 12 units = 
1 paua + 2 tauga) as in a base 40 system; at 
the same time, calculating ensued with the ad- 
dition and multiplication tables of the decimal 
base, supported by two binary steps. 

‘To sum up. the linguistic analysis reveals 
that the specific counting systems in Mangareva 
did not precede an abstract system but were 
rather derived fiom it, despite their nonabstract 
nature (32). And the cognitive analysis suggests 
that this was done deliberately and for rational 
purposes. This justifies the conclusion that a 
ature of apparently litle efficiency, once taken 
‘as indicator for an earlier evolutionary step in 
humerieal cognition, can be used to overcome 
‘another such feature 

Not all cultures value numbers in the same 
\way, even if they are concemed with mathe- 
matical topies (33), In some cultures in Papua 
New for instance, lange power nu- 
merals were given up together with decimal 
aced by quinary or body- 
counting sequences. In other cultures, the re- 
verse of this took pl ot satisfied with the 
restrictions posed by their inherited numera- 
tion system, many Polynesian cultures not only 
‘extended its limits of counting but also designed 
efficient strategies 10 cope with the cognitive 
diflicultcs of mental arithmetic. Both lines of 
development started from the same regularly 
decimal and abstract numeration system inher 
ited fiom Proto-Oveanic and therefore speak 
‘against a linear evolution of numerical cogni- 
tion, Numeration systems do not always evolve 
from simple to more complex and from specific 
to abstract systems. 

‘There may be no other domain in the field of 
counitive sciences where it is so obvious that 
Hanguage (i.e. the verbal numeration system) 
fleets cognition (ie.. mental arithmetic. One of 
the tWo core systems of number hinges on lan= 
rm 44). [one’s language does not contain 
numerals beyond 1 and 2, calculating tanger 
amounts is difficult, if not impossible. However, 
people are also very ereative in adapting their 
cognitive and linguistic tools to cultural needs, 
and cases like those presented here add 40 our 
knowledge of how they achieve this. 
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Recognition of a Ubiquitous Self 
Antigen by Prostate Cancer— 
Infiltrating CD8* T Lymphocytes 


Peter A. Savage,” Keith Vosseller,” Chutho Kang? Kevin Larimore,* Elyn Riedel, 
Kathleen Wojnoonski,” Achim A. Jungbluth,* James P. Allison™* 


Substantial evidence exists that many tumors can be specifically recognized by CDB* T lymphocytes. 
‘The definition of antigens targeted by these cells is paramount for the development of effective 
‘immunotherapeutic strategies for treating human cancers. Ina screen for endogenous tumor-associated 
T cell responses in a primary mouse model of prostatic adenocarcinoma, we identified a naturally 
arising CD8* T cell response that & reactive to a peptide derived from histone H4. Despite the 
ubiquitous nature of histones, T cell recognition of histone H4 peptide was specifically associated with 
the presence of prostate cancer in these mice. Thus, the repertoire of antigens recognized by 
‘tumor-infittrating T cells is broader than previously thought and includes peptides derived from 
ubiquitous self antigens that are normally sequestered from immune detection. 


Iymphocytes that are reactive to antigens 
pressed by tumor cells have been shown 
to modulate cancer dev lopment in animal 
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models and human cancer patients (/, 2). Thus, 
‘much effort has been devoted to the development 
of immunotherapeutic strategies aimed at 
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inducing cancer regression by enhancing anti- 
tumor Teell responses (3). The identification of T 
cell tumor antigens typically relics om the in vitro 
culture of T cll lines reactive to clonal tumor cell 
lines or to candidate peptide antigens (4). 
However, antigens defined in this manner may 
not provide a complete picture of the range of 
antigenic peptides. in primary, heterogencous 
tumors comprising a variety of cell types at 
iflerent stages of differentiation, In this study, 
we set out to define a naturally arising T cell 
Fesponse to a tumor-associated antigen in-an 
‘autochthonous mouse model of cancer 

Our approach was based on the direct 
detection of T cell populations that infiltrate 
primary tumors in vive, thereby bypassing the 
need for in vitro T cell manipulation. To do this, 
wwe used a model in which male transgenic 
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adenocarcinoma of mouse prostate (TRAMP) 
mice express simian virus 40 T antigen (Tag) 
under the contro of a prostate-specific promoter, 
resulting in the development of spontancous 
adenocarcinoma in the prostate by 14 to 20 
weeks of age (5. 6). In a screen to identify 
endogenous T cell responses in the TRAMP 
model, we analyzed T cell receptor (TCR) rep- 
entire diversity within the prostate infiltrate 
of late-stage tumor-bearing TRAMP" 
(27 weeks of age, BG genetic background) in 
‘onder to identify reproducible T cell clonal 
expansions expressing conserved TCRs. We 
analyzed repaoire diversity using TCR CDR3 
size spectratyping (7), in which the length dis- 
tribution of the hypervariable complementarity- 
detemnining region 3 (CDR3) of a TCR chain is 
analyzed via.a polymerase chain reaction (PCR) 
‘based approach (8), Spectratyping analysis of the 
TCRB chain variable region (VB) familics 
1 through 20 revealed the consistent overrepre- 
sentation of VBS.3 TCR transcripts with a 
conserved CDR3 length in the prostates. of 
tumor-bearing TRAMP" mice but not in the 
prostates of control B6 mice (Fig. 1A and fig 
SIA). Sequencing of the prominent VBX3 tran- 
scripts from several TRAMP*” mice identified 
conserved transcripts that preferentially encoded 
a. CDR3 of 10 amino acids in length and a con- 


served amino acid sequence (fig. S2). Spectra 
typing analysis of prostaie-infirating CD4" and 
vpas c 


TRAMP* TRAMP 
coe COB" 


CDR" T cells from tumor-bearing TRAMP" 
‘mice revealed that T cells expressing the con 
served VB8.3 TCRB chain fall within the CDS" 
Teell subset (Fig. 1B and fig, $1B), suggesting 
that these cells are major histocompatibility 
complex (MHC) class I-restricted, In an analo- 
gous manner, we used CDR3 size spectratyp- 
ing and sequence analysis to identi 


Va2 and Val8 TCRa chains that preferential- 
ly pair with the conserved TCRB chain to form 


Overall, the finding that 
CDS" Tells infiltrating TRAMP" prostate tu- 
mors express highly conserved TCRS suggested 
that a Teell response reactive to the same ant 
ontancously in most tumor-bearing 
mic 

identified a conserved TCRap recep- 
tor expressed by T cell infiltrating TRAMP" 
Prostate tumors, we generated transgenic mic 
pressing the conserved! Va2" TCRa and VB8.3" 
TCRB chains (Fig. 1C and fig. S¥). When a 
‘TCRap transgenic line was crossed tothe Ray!” 

(eccombination activating gene 1) background, in 
‘which rearangement of endogenous TCRS is 
precluded, mature peripheral T cells were 
lected to the CDS” lineage (Fig, 1C), tn ad 
tion, Tcctls in Rag” TCRap transgenic mice 
exhibited no evidence of clonal deletion or co- 
receptor downregulation in the thymus or act 
tion in the penphery (Fig, 1C and fig 
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Fig. 1. CD8a* T cells bearing Vjs8.3* TCRs with a conserved CDR3 length 
are reproducibly overrepresented in the prostate of TRAMP™* mice. (A and 
'B) TCR Vii8.3 CORS size spectratyping analysis of TRAMP prostate. (A) 
DNA from prostate tissue from 9 (21- to 36-week-old) B6 control mice, 10 
(21-week-old) TRAMP™* mice, and 10 (27-week-old) TRAMP** mice. (B) 
DNA from CD4” or CDBu* T cells purified from the prostates of nine 27- 
week-old TRAMP** mice by fluorescence-activated cell sorting. The 
“reference” spectra [bottom row in (A)] are derived from B6 female spleen 
samples. NP indicates no PCR product. (C) Flow cytometric analysis of 
thymocytes and splenocytes from B6 mice and RagI~~ TCRa(s transgenic 
mice expressing the conserved Va2* and V8.3" TCR chains. 
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suggesting that there was no overt immunolog- 
ical seltreactivity in tumor-fiee TCRap trans- 
genic mice. 

‘To facilitate the characterization and identifi 
cation of the antigen driving the observed T cell 
response, we generated an immortalized T cell 
hybridoma expressing the conserved TCRaps 
(hereafer referred to as the “elonotypic hy brido- 
ma,” clone 6B1-6) from T cells from TCRap 
transgenic mice. In-vitro, stimulation of the 
clonotypic hybridoma was not observed after 
direct culture of the hybridoma with 3 varity of 
tumor cell fines [including the TRAMP-C: 
prostate cell line (9)] and primary immune cell 
types. Instead, stimulation was only observed 
‘when the clonotypie hybridoma was cultured 
With high-performance liquid chromatography 
(HPLC) fractions of crude cellular acid extracts 
together with MEIC-expressing antigen-presenting 
cells (APCs), When crude extracts fiom the 
prostate of tumor-bearing TRAMP” makes were 


assayed in this manner for stimulation of the 
ch 


wotypic hybridoma, a single peak of stimula 


tory activity was observed (Fig. 2A). Addition- 
ally, stimulstory activity was found in extracts 
from other ongans (including liver, lung. spleen, 
and thymus) and bone marrow fiom TRAMP" 
mice, as well as in organs from male and fernale 
B6 mice (Fig. 2A and fig. SS). Tell stimulation 
was only observed when APCs expressed the K 
class I MHC molecule, and was blocked by 
culture with antibodies to K® (Fig. 2A). indicating 
that antigen sosognition is KY-scetricted, Taken 
together, experiments that used crude extracts 
from mouse tissue indicate that the antigen me- 
‘ognizad by clonotypic prostatc-infiltrating Teells 
is derived from a self molecule that is present in 
many organs of both tumor-bearing and tumor 
fice mice. 

In addition to the crude extracts from primary 
rious tissu, the stimulatory activity was present 
in crude extracts from all mouse cell lines 
assayed Biochemical fractionation of cellular 
extracts from a tumor cell line revealed that the 
stimulatory activity is preferentially associated 
with the chromatin-enriched nuckar fraction 


REPORTS. [ 


(Fig. 2B), We therefore assayed the highly con- 
served histone proteins, an abundant constituent 
‘of chromatin, and found that preparations fiom a 
histone mixture and from purified histone 14 
stimulated the clonotypic hybridoma (Fig. 2C). 
To identify the potential antigenic histone H+ 

derived peptides, we acid-treated, purified, and se- 
‘quenced hisone H4 using liquid chromatography 

tandem mass spectrometry (LC-MS/MS) (7). A 
single 17-mer peptide (ie., 17-amino acid pep- 
tide) of sequence VVYALKRQGRTLYGFGG 
(10) (identical to the C terminus of histone H14, 
residues 86 to 102) was identified (lig. S6), 
LC-MS/MS analysis of peptides present in the 
stimulatory fractions obtained from erude ex- 
tracts (Fig. 2A) revealed the presence of the 
histone H4(86-102) 17-mer. Analysis of clono- 
typic T cell stimulation after culture with histone 
H4(86-102) or smaller truncated peptides in 
the presence of APCs confirmed that clona- 
typic Teells recognize histone H4(86- 102) andl 
revealed that the minimal core epitope for recog 
nition is the heptamer HH4(86-92): VVYALKR 
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2. T cells expressing the conserved TCRafi recognize a histone H4— 
derived peptide. (A to C) Reactivity of the clonotypic T cell hybridoms 6B1-6. 
Extracts or proteins were boiled in 10% acetic acid and resolved by reversed- 
phase HPLC. Fractions were then dried and cultured with 681-6 and K*- 
‘expressing APCS, and 681-6 stimulation was assayed. (A) Reactivity of 681-6 
to crude extract from prostate (PR, spleen (SP), and liver (LIV) from 27-week- 
‘old male TRAMP*’* mice and liver from male (M) and female (F) B6 mice. 
Where indicated, a cocktail of antibodies to K* (anti-K®) or control antibodies 
(elit Ab) was added to the culture. (B) Reactivity of 6B1-6 to extracts of 
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subcellular fractions. B16 melanoma cells were fractionated according to 
Wysocka et al. (16), The indicated subcellular fractions were isolated, acid- 
treated, processed, and assayed. (O Reactivity of 6B1-6 to histone H4. A 
‘mixture of histone proteins or the indicated individual histones were acid- 
treated, processed, and assayed. (D) Stimulation of clonotypic T cells with 
histone H4-derived peptides. T cells expressing the conserved TCR« (either 
‘681-6 or TCRafs transgenic T cells) were cultured with peptide and APCS 
[either primary dendritic cells (DCs) or L-X® cells). The histone H4-derived 
‘peptides assayed and the control SIINFEKL peptide are indicated. 
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(Fig. 2D). The finding that clonotypic T cells 
recognize histone H-486-92) presented by K” is 
unexpected, given the preference of K® for 
Peptides that are eight amino acids in length and 
that contain a phenylalanine or tyrosine in the 
fifth residue (17). Consistent with this idea his- 
tone H4 peptide binding to K®, as measured by 
stabilization of K® on the surface of RMA-S 
cells, was barely detectable (Fig. $7), suggesting 
that HA peptides bind K® with low allinty 
Having determined that clonotypic T cells are 
reactive to histone HK86-92)-related peptides, 
we designated TCRap transgenic mice as 
“HRC” (histone H4-reactive TCR transgenic, 
‘complete expression). 

In onder to directly identify endogenous his- 
tone H4-reactive T cells in tumor-bearing 
TRAMP" mice, we used fluorescent peptide 
MIIC tetramers in conjunction with flow eytom- 
etry, Because the low affinity of wild-type 
histone 114(86-92) VVYALKR binding to K' 
precluded the generation of stable tetramers, We 
produced K” tetramers bearing the analog peptide 


VVYAFER, in which the leucine lying in the 
dominant K*-binding anchor position is mutated 
to a phenylalanine. The VVYAFKR peptide 
‘exhibited increased affinity for K® and was rec- 
ognized by clonotypic T cells in vitro (fig. S8), 
and VVYAFKRIK® tetramers (hereafter referred 
to as “HK? tetramers”) stainod IIRC T cells 
S4), With the use of H4K® 
tetramers, histone H4-ractive T cells were not 
‘observed in the prostates of tumor-fice B6 mice 
(n= 9 mice, Fig, 3A). In contrast, antizen- 
experienced CD44" CDS” HH/K? tetramer” T 
cells were detected in the prostate infiltrate of 
most tumor-bearing TRAMP" mice (Fig. 3A, 
with a median frequency of 0.15% of CDS" T 
cells), with promincat 14/K* tetramer” popula- 
tions in 3 out of 13 mice that were analyzed 
(€£0.2%% of CDS" Tells and 220 tetramer” cells 
\were recovered fiom the prostate). The frequency 
‘of histone HH4-rvactive cells in TRAMP" pros- 
tate is comparable to that reported for TT cells 
specific for tumor-associated antigens found 
ommonty in the tumor infitrate and metastatic 


A gated on CD8a* B 


Iymph nodes of human melanoma patients (/2). 
In addition to those identified in the prostate, 
antigen-expericnced H4/K® tetramer” cells w 
also identified at detectable frequencies in the 
prostate-draining periaortic lymph nodes (7 out 
of 13 mice, with median frequency 0.029%) and 
the spleen (4 out of 13 mice, with median 
fiequency 0.023%) of some TRAMP’ mice 
(Fig. 3A), including the 3 mice with promin. 
114K? tetramer” populations in the prostate, 

To evaluate antigen recognition by histone 
114 reactive T cells in late-stage prostate cancer, 
‘we analyzed the proliferation of HRC T cells 
afer adoptive transfer into TRAMP" mice. 
HRC T cells labeled with the dye carboxythuo- 
resecin diacetate succinimidy ester (CFSE) w 
transferred into tumor-bearing TRAMP"* mice 
and B6 control mice and were analyzed $ or 30 
days after transfer, At both time points, IRC T 
cells that had undergone division (ie, with 
diluted CFSE) were observed in TRAMP" 
mice but not in B6 contwls (Fig, 3B) C 
diluted HRC Teells were predominantly found in 


DAYS 


CD44" HANK? TET CELLS. 
(% of CDBcr) 
8 


CELLS WITH DILUTED CFSE 
(% OF CD45.1* DONOR T CELLS) 
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3. T cell recognition of histone H4 in vivo, (A) Identification of 
‘endogenous histone H4-reactive T cells with peptide/MHC tetramers. T cells 
from 224-week-old TRAMP™* and B6 mice were stained with H4/K® 
tetramer and antibodies to cell-surface markers. (Top) Representative 
samples from SP, periaortic lymph nodes (pLN), brachial lymph nodes 
(DLN), and PR. (Bottom) Summary of tetramer staining results, pooled from 
five experiments. To determine which TRAMP samples were “tetramer*,” we 
used data from B6 samples to establish a limit of detection (dashed 
horizontal bars), defined as the mean plus two SDs. For PR samples, solid 


‘median values. 


and open circles denote samples in which >20 or <20 H4/K” tetramer* 
cells, respectively, were identified. (B) Division of HRC T cels transferred 
into TRAMP** mice. CD45.1* HRC T cells were labeled with CFSE, trans- 
ferred into TRAMP** and B6 mice, and analyzed 5 days (top) or 30 days 
(bottom) after transfer. Asterisks indicate statistically significant differences 
between TRAMP** and B6 pLN values (P< 
{for day 30). For 5 and 30 days after transfer, data are pooled from four and 
‘wo experiments, respectively. Solid horizontal bars in (A) and (B) 


3.0001 for day 5, P< 0.006 
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the tumor-draining periaortc lymph nodes (Fig. 
3B), indicating that T cell antigen recognition in 
the lymphoid organs is mainly restricted 0 the 
Iymph nodes draining the tumor site. 

‘Together, tetramer analysis of endogenous T 
cells and adoptive T cell transfer studies indicate 
that, despite the ubiquitous nature of histone 14, 
MIC cass F-nstrited T cell reengnition of histone 
14 peptide is specifically associated withthe pres- 
‘ence of prostate cancer in TRAMP" mice (/3}. 

Next, we performed a series of experiments t0 
analyze the ability of HRC Tels to traf to the 
prostate and develop effector function ater an- 
tigen recognition in tumor-bearing TRAMP” 
mice, First, when analyzed 4 t0 8 weeks afler 
transfer, prostate infiltration of HRC T cells was 
observed in a proportion (10 out of 31 mice, 

32%, with 220 HRC T cells recovered) of 
TRAMP" recipients, with a median frequency 
‘of 0.27% of prostate-infikrating CDS” T cells 
(Fig. 4A), Second, when analyzed either 5 oF 30 
days after transfer, HRC T cells that had under 
gone division exhibited increased expression of 
the activation marker CD44 but generally pro- 
ced little oF no interferon-y (IEN-y) (Fig. 4B), 
Thind, HRC T cells transferred into tumor-bearing 
TRAMP" mice did not exhibit detectable eyto- 
Iytic activity (Fig. 4C) and did not express the 


Fig. 4. Trafficking and A 
‘effector function of his- 
tone Ha-reactve T cells 
(A) Trafficking of HRCT 
«ells to TRAMP" pros- 
tate, CD45.1° HRC T 
cels were transfered into 
z23aveek-old TRAMP 
‘or B6 mice and ana- 
lyzed 4 to 8 weeks after 
transfer, Solid and open 
circles. denote samples 
in which 220 or <20 
CD45.1" els, respec- 
tively, were identified, 
For three representative 
mice, flow plots are 
shown, (B) CD44 expres- 
sion and IFNy produc 
tion by HRC T cells. 
CFSE-labeled CD45.1° 
HRCT cells that had been 
transferred 30 days eater 
into 23-eek-old TRAMP 
mice were restimulated 
in vitro and analyzed. 
‘The positive control indi- 
«cates els from B6 mice 
that had previously re- 
«ceived in vtro-acivated 
CD45.1° HRC cells. (C) 


Lack of detectable cytolytic activity of HRCT cells. CD45.1° HRC cells were injected 
‘nto 224-week-old TRAMP" or B6 mice. Fourteen days later, mixtures of target 
‘ells labeled with either VWYAFKR (H4) or control SHNFEKL [ovalbumin (OVA)} 
peptide were injected, and the recovery of targets was quantified. The positive 
control (OVA vax) indicates B6 mice that had been vaccinated against OVA 
peptide. (D) Slight reduction in PR mass and in genitourinary tract (GU) mass 
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{eytotoxie effector molecules granzyme B or per- 
forin (fig. S11). Thus, afler transfer into tumor- 
bearing TRAMP™” mice, HRC Teells proliferate 
and traffic to the prostate in a proportion of mice 
‘but typically fail to develop measurable effector 
function. These functional characteristics are anal- 
‘ogous to those of tumor-reactive T cells found in 
tumor lesions of melanoma patients (12, 14. 15) 
‘To gain insight into the contribution of his- 
tone I14-reactive T cells to antitumor immunity 
‘orto tolerance, we crossed TRAMP" mice to a 
TCR transgenic line exhibiting varicgated expres- 
sion of the histone H4-reactive TCR (designated 
“HIRV"), resulting in expression of the complete 
TCRaB heterodimer on 10 to 20% of mature T 
cells (fig. S4), The resulting make offspring, 
cither TRAMP” or TRAMP” HRV, were 
euthanized between 26 and 28 weeks of age, 
and the mass of the genitourinary tract and 
prostate was determined. Although there was 
no difference in survival to the 26- to 28-week 
cend point (fig. S12), analysis revealed a slight, 
statistically significant reduction (10%) in pros 
tate and genitourinary tract mass in TRAMP” 
HRV mice relative to that in TRAMP™ con- 
trols, This finding suggests that, on average, a 
high precursor frequency of histone H4-rexct 
T cells results in decreased tumor burden 
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TRAMP mice. Despite this 
eventually die of prostate ca 
histone H14-reactive T 
selves protective in the absence of immune 
vention, We are currently performing histological 
analyses of TRAMP prostate tumor pathology 
‘and immune infiltration in an effort to eluci- 
date the mechanisms underlying the observed 
reduction in tumor burden in TRAMP" HRV 

(On account ofits abundant, ubiquitous nature, 
the histone 14 antigen described here does not fit 
into the major classes of tumor-associated an- 
tigens (4) and may represent a previously un- 
defined type of antigen. Hypothetically, antigens 
‘of this type would be derived from ubiquitously 
expressed proteins that, under normal circum 
stances, are not efficiently processed in the MHC 
class | presentation pathway because of seques- 
tration within the cell, either by compartmental- 
ization within the nucleus or mitochondria or by 
segregation within supermolccular complexes. 
The CDS" T cell repertoire would be largely 
iunorant of sich antigens, However, as a result of 
distinct conditions within the tumor microenv- 
processing and py 
sentation would induce MHC class I-restrited 
‘resentation of the antigen, allowing recognition 


gated on CD45.1* donor T cells 


PR (+) control 


(GU) and 95 mg (PR) for 
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jn TRAMP“ HRV mice. Organ masses were determined for 26-to 28-week-old 
TRAMP HRV (7 = 106 mice) and TRAMP*” (n = 119 mice) animals, Mice 
that died before the analysis point (n = 9 for TRAMP” HRV and n = 10 for 
TRAMP”) were not included in the analysis, Median masses were 902 mg 


TRAMP” HRV mice and 1042 mg (GU) and 112 mg 
(PR) for TRAMP* mice. Horizontal bars indicate median values. 
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Molecular Biology Liquid Handling 
Three products have been released in the CyBi-GeneRobots line that 
combine reliable nucleic acid purification processes with precise 
low-volume pipetting capacity. The CyBi-DiluSpro is an eight-channel 
pipettor suited for many molecular biology applications. Because 


offers high precision over the pipetting range of 0.5 mito 250 mi, itis 
a suitable choice for polymerase chain reaction set-up and clean-up, 
as 


a5 Sequencing reaction set-up and clean-up. The CyBi-Well 
io is a multi-channel pipettor suited for nucleic acid transfer appli 
ns in the 96-well, 384-well, and 1536-well format, such as high- 
t 


c 
throughput small-interfering RNA screenings, Exchangeable pi 
ting heads cover a volume from 25 nl to 250 ml to provide flexibility 


from the downscaling of reaction volumes to throughput increases. 
Sterile and polymerase chain reaction-certified disposable tips pro: 
vide reliable results without cross-contamination. The pipetting 
technology enables gentle cell handling as well as rapid nucleic ac 
transfer protocols on the same instrument, The CyBi-RoboSpense is 
an all- purpose pipetting robot with four or eight individually address 
able channels, suitable for nucleic acid purification, processing, and 
analysis applications. The system works with tubes and plates both 
in the 96-well and 384-well format. Itis designed for fully automated 
sample purification and reaction set-up and clean-up tasks. 


Mobile Ductless Fume Hoods 

The EDU Mobile Ductless Fume Hoods are a low-cost solution for 
clean air requirements, providing operator protection when using 
hazardous substances. These economical and efficient units feature 
high-quality pre-filters and carbon filters with efficiencies greater than 
99.6%, all-around visibility, mobility from laboratory to laboratory, 
and easy installation. They include alarms that monitor filter, airflow, 
and filter lifetime, 

‘Air Science USA 

For information 800-306-0656 

wwwwair-science.com 


Trypsin Removal 

Mag-Trypsin provides a method for magnetically immobilizing trypsin 
that allows it to be removed easily from a protein digestion mixture 
using a magnetic separator after the reaction is complete. Treatment 
with trypsin immobilized on magnetic beads prior to immobilization 
inhibits chymotrypsin activity without any effect on trypsin. Unlike 
agarose-tinked immobilized trypsin, Mag-Trypsin does not require 
any centrifugation or use of columns. It provides a simple method for 
eliminating trypsin contamination after digesting protein samples to 
their peptide constituents in preparation for such techniques as mass 
spectroscopy or peptide enrichment. 

Clontech Laboratories 

For information 650-919-7382 

wwwuclontech.com 


Protein Expression Media 

The ProNSO Chemically Defined (CO) Serum-free Media support 
maximal production of recombinant protein in NSO cells. The NSO cell 
line is widely used for recombinant mammalian protein expression in 
research and biotherapeutic applications. Two formulas are available 
to cover a broad range of nutritional needs, witha companion ProNSO 
Lipid CD Supplement also available. 

Lonza 

For information 800-521-0390 

wwwalonza.com 
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GyBio 
Forinformation +49 36 41 3510 
werncybio-ag.com 


T Cell Isolation 

The flow-compatible Dynal Dynabeads Regulatory CD4+CD25+ T Cell 
Kit is used for positive isolation of human regulatory T cells (Treg 
cells). The tube-based technology provides highly functional Treg 
cells with up to 97% purity. In the three-step isolation procedure, 
cells are left both bead free and antibody free after isolation, and can 
be used in any downstream experiment. 

Invitrogen 

For information 800-955-6288 

wwewinvitrogen.com 


Diamond Knife 

‘Anew diamond knife for the sectioning of frozen hydrated specimens 
features a 25° angle for the least possible compression and the best 
structural preservation. Its cutting range is from 25—200 nm and 
it is available in a 3.0-mm diamond width. The triangular holder, 
Suitable for dry sectioning, as well as the trough, for sectioning using 
fluids, are both made from a special copper-nickel alloy, for the best 
possible heat/cold conduction. A cold-resistant epoxy resin is used 
for the seal. 

Diatome 

For information 215-412-8390 

wwrwemsdiasum.com 


Electronically submit your new product description or product literature 


information! Go to www.sciencemag.org/products/newproducts.dt! for 
‘more information. 


Newly offered instrumentation, apparatus, and laboratory materials of 
interest to researchers in all disciplines in academic, industrial, and gov- 
cemmental organizations are featured inthis space. Emphasis is given to 
purpose, chief characteristics, and availabilty of products and materials. 
Endorsement by Science or AAAS of any products or materials mentioned 
is not implied, Additional information may be obtained from the manufac- 
turer or supplier. 
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‘rk sills are doable 

12) PROGRAM MANAGER, Royuirs degre in 
caginecring oF phyea scence, expetence in similar 
job fanction, and competency in office aod project, 
managment software. Duticsinchade adminstering 
2 ipnernment conerat; preparing ae submiting re 
frome and. data tome: sn coordinating mecungs, 
Program reviews, and Bell tes 

(S)ELECTRICAL ENGINEER /DESIGNER, 
Requires degree ph five year of eapeicnce in dew 
ttl enginecing, analog Great deg for instr 
mentation, digital design with fild-progranmable 
ate aay, ayn ar ese Degre ta psc science 
Sith relerant expencace may he accept Ako dea 
te are ulrasound, macronave and wien experience: 

(4) SOFTWARE ENGINEER. Rogues de 
in engineering. or pyskal since, phi ve yeas 
Sapenence eng and programming al te 

s, device divers, signal procesing, data ac 
on, grape and video. 


NICIAN. Roquires degree in mechanical engineering, 
‘or physical scence, and relevant experience, Duties 
ide light mechanical design, machining and as 

mbly, and asusting in experiments. Experience in 
‘environmental texting is desirable 

(6) TECHNICAL ASSISTANT/COMPUTER, 
SUPPORT. Requires degree in enginecring or phys 
ical scence, experience in system management, and 
software programming sil 
tical skills are desirable. Di 
‘computer systems and assisting the se 
sft 

All positions are located near Morristown, New 
Jersey 

‘ease send resumes to e-mail: jobs@mi-llc.com. 


ASSISTANT PROFESSOR POSITION 
Dalhousie University 
Cardiovascular Physiology 

The Deparment of Physiology and Biophysic in 
sites apptations fora poution at the Asaant 
Fessor level avaiable for the 2008 academic year 
‘Qualified candidates will have demonstrated research 
sapertise in cardiovascular physiology, with 30 em 
fn on mevude oe cel ecard cankin scar 
Phsiologs pathophysiology. Applicants mw have 
2 PRD. and/or MLD. degree, several years of post 
octora traning, excelent Commutation skill, 
Sand a strong reeont of peer-reviewed publications. 
The aucceatal candiate willbe capecte to develop 
tie anal wnrpatc cach crlaeatins wath other 
“anilovaxcifar researchers in both the basic scence 
Snd clinical departments of the Faculty of Medicine 
The candalate ts cxpected to develop an extramurally 
funded research program and to partiopate in the 
teaching misuon of the Department. This i as 
Shed, probationary tenure-tack appointincnt; how 
‘ver, the candidate wil be expected to. apph for 
Stina sity spre fom appropriate aking 
Minecnneed epplicwns ibiould submk conkekesn 
sinae along with a bret description of research ex 
perience and interests, teaching experience and in 
{rests and arrange to have thee letters of reference 
‘sent directly to: Paul R. Murphy, Head, De- 
partment of Physiology and Biophysics, Faculty 
DF Medicine, Dalhousie University, Si Charles 
‘Tupper Medical Building, 5850 College Strec, 
Halifax, Nova Scotia BSH IXS, Canada. 

‘Review of applications will ein March 3 
and will concn und the postion i filled 

A ualfed candidates are excunaged 40 apply, however, 
Comat anf pemment ie ll Ke gen prety 
Dahle Unienty a Eplopmcnt Egy Alfonse 
Aaies Employer, The UnreatY cxvaais oppo fot 
‘aed Abril people, ps with « dss, mally 
Sable pons nl eae 


= 2008, 


BIOLOGY FACULTY POSITION in 
HUMAN ANATOMY 

The Department of Biology at the University 
oof Alibama at Birmingham (UAB) socks highly 
Qualified candidates for a fulltime nontenure 
track teaching position atthe rank of ASSIST- 
ANT PROFESSOR. This full-time position is 
renewable subject to performance. The primary 
respomnsbiity of the succesful candidate wil be 
toteach human anatomy and ather genctcs oF 
intrxductory biology courses, Carklidates must 


have a Ph.D. in biology or relatod fick a com: 
mitment to underggaduate education anxt out 
reach, and preferably a record of excellence in 
teaching. Applicants should submit curiculum 
Vie, satement of teaching interests, an copies 
Of revent teaching evaluations, and have three 


iemers of reerence sent to: Dre Ken Marion, 
Ghair, Department of Biology, University of 
Alabama at Birmingham, 1300. University 
Boulevard, Birmingham, AL. 35204-1170. 
The antigpated sat dates Aust 1, 2008 
Reviow of matrls wll begin March 1, 2008, 
ana wil continu wot the pesiton id, The 
pore of By and UAB omnes ll 
fees eduely dee wae sro 
(grin fom woncn aed init fot me 
Spm prope UAB hao ae Ned Sar 
Foondaeeruponed ADVANCE 

Spe Rebate Ph 

rere ong AN so Afinsine 

tinplgmene Opponity Linge 


The Section of Anat 
Univeray {SIUE) School of 
ing appivans for flim (12-month) tenure-track 
apparniment for a. Neuroanatomist at the AS: 
SISTANT/ASSOCIATE. PROFESSOR evel Ap 
piicants most have a Ph.D, or equivalent, teaching 
Eapatence in ncurcanatonty, an the backgwoud (0 
Seta in teaching inthe grem anatomy Liboratoy.E 
pemicace in teaching histology, tad biology, al /or 
fran mechani i prefered but not requ. Post 
‘Stator lows sea The candidate expe 
ibe active in dentally relate research, partly 
the pathways and mechanisms of dental pain. Aca 
Aerotc rank and slay are commensirate with € 
perience and qualia. The school hxated on 3 
Mian campus, 15 minutes fon the cama of Sout 
cm Ilinos Urivenigy Hevardwile and 20 n 
from Se Lou Review of apctione wll fen it 
Fotos 2008 and eosin tl te pron 9 le 


Send a leter of interest, curriculum vitae, and three 
leurs of reference to: Dr. Ann Boyle, Dean, School 
‘of Dental Medicine, Southern Minos University, 


2800 College Avenue, Alton, IL. 62002-4900. SIU 
14 a Epa Eaapleyment Ono’ Afimnathe Acion Fin 


vale to hd of of Jot. 


The Seton of Nephrology at the University 
Chica seeking » MOLECULAR BIOLOGIST 
fors RESEARCH ASSOCIATE poston, salen 

i can all be commocnorat with prove exer 
nce and accomplishments. Calta renal cle 36 
Srl as whole animal srucics will be sel to answer 
Stoic equine Mons Hx 
sca maccur bike, and genomic approaches 

‘ete At leat yas expres 
‘foakurs ely ncadng va aaging, al trun 
“luton, and wanton  rgued Espen with 
tranagene mice prefered, but aot required. Ov 
pang work che plysobgy of fot tarp, 
Sktough capetice in ara Br cazncal eb 
szanal rscos or in plas for thn werk Send cr 
filam tae and names of the references to 


wwwsciencecareers.org 


aa) NEw JERSEY MEDICAL SCHOOL 
UNIVERSITY HOSPITAL 
CANCER CENTER 


Faculty Positions in a New Cancer Center 


The New Jersey Medical School (NIMS) ~ University Hospital (UH) Cancer Center, a new 220,000 square foot state-of-the-art 
facility on the Newark Campus of UMDNJ, is looking to continue its major expansion through aggressive recruitment of outstanding 
scientists in basic and translational cancer research, at both the junior and senior levels, The NJMS-UH Cancer Center is located 
within the New York Metropolitan area and contains three research floors, a 20,000 sq. fi, mouse barrier facility, and three clinical 
floors for outpatient cancer services, There are twelve cancer researchers already housed in the building, and a broad ci Tresearch 
‘community on campus. Areas of excellence include: breast canc all transduction, oncogenes and {umor suppressors, 
tumor virology, immunology, and cancer stem cells. Core facilities located in the building include those for 

digital imagi biostatistics, a proteomics facility and a tissue culture core. 

situated in adjacent buildings. Successful candidates must have an M.D. andor Ph.D, degree together with outstanding credentials 
‘and will be expected to maintain a vigorous. independent extramurally funded research program. Generous start-up funds, competi- 
tive salary, and ultra-modem laboratory space are available for both tenured and tenure track positions 


Electronic applications, including currict/um vitae, brief summary of accomplishments and future research directions, should be 
sent to muhammdi@ umdnj.edu. Applicants should also arrange to have three letters of reference sent to: 


Harvey L. Ozer, M.D., 
Professor and Director, NJMS-UH Cancer Center 
UMDNJ-New Jersey Medical School 
Rm H1202, 205 South Orange Ave., Newark, N.J. 07101 


;nior investigators need not provide letters of reference at this time and their applications will be treated with confides 
requested. For more information about the NJMS-UH Cancer Center visit: http://njmsuhec.umdnj.edu/research, 


UMDNJ is an AA/EOE, MF/DV Employer: The Cancer Cemer is an Affiliate of the UMDNJ Cancer Instinte of New Jersey. 
Women, minorite applicams, and dual career couples are encouraged to apply 


'T OF HEALTH AND HUMAN SERVIC! 
TES OF HEALTH 


DEPARTM| 
NATIONAL INSTITU 


eas 
OFFICE OF PORTFOLIO 4 S AND STRATEGIC INITIATIVES 
DIVISION OF RESOURCE DEVELOPMENT AND ANALYSIS 


The Office of the Director, National Institutes of Health (NIH) in Bethesda, Maryland, is seeking a Director of the Division 
of Resource Development and Analysis (DRDA) within the Office of Portfolio Analysis and Strategic Initiatives (OPASI). 
If you are an exceptional candidate with an M.D. and/or Ph.D.,. we encourage your application, 


The OPASI's primary objective is to develop: a transparent process of planning and priority-setting characterized by a 
defined scope of review with broad input from the scientific community and the public; valid and reliable information 
1d tools, including uniform disease coding and accurate, current and comprehensive information on burden of 
e; an institutionalized process of regularly scheduled evaluations based on current best practices; the ability to weigh 
“opportunity against public health urgency; a method of assessing outcomes to enhanc and a system 
for identifying areas of scientific and health improvement opportunities and supporting regular trans-NIH scientific planning 
and initiatives. 


As the DRDA Director, you will be responsible for employing resources (databases, analytic tools, and methodologies) and 
cloping specifications for new resources, when needed, in order to conduct assessments based on NIH-owned and other 
databases in support of portfolio analyses and priority setting in scientific areas of interest across NIH. 


Salary is commensurate with experience and includes a full benefits package. A detailed vacancy announcement with the 
mandatory qualifications and application procedures can be obtained on USAJOBS at www.usajobs.gov (announcement 
number OD-08-236976-T42) and the NIH Web Site at http://www,jobs.nih.gov. Questions on the application procedures 
may be addressed to Brian Harper on 301-594-5332, Applications must be received by midnight eastem standard time on 
February 14, 2008. 


This position is subject to a background investigation. 


DHHS and NIH are Equal Opportunity Employers 
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THE UNIVERSITY OF CALIFORNIA, BERKELEY 
Department of integrative Biology 


Faculty Position in Plant Paleobiology and Evolution 
Position ID #714 


The Department of Integrative Biology atthe University of California, Berkeley is soliciting applica- 
tions fora tenure-track position (Assistant Professor) in Plant Paleobiology and Evolution. We scck 
a colleaguctojoina department with a strong interdisciplinary emphasis who will developa vigorous, 
independent research and teaching program inthe area of plant paleobiology. Applicants should have 
Ph.D. or equivalent advanced degree and an exceptional research record in: the evolution and ecol- 
‘ogy of past plant communities or ccasystems, the evolution of vascular plant lineages in deep time, 
and/or long-term plant response to environmental change using paleontological and ncontological 
data, The postion entails teaching both Lower and upper level courses in plant evolution palcobotan 
With an emphasis on structure and function, phylogeny, paleoecology, and/or historical biogeography 
An academic curatorship in the UC Muscum of Paleontology is associated with this appointment; 
the successful candidate will be encouraged to promote the use of the museums” extensive bo 
‘supervise student research, work with museum staff to pursue opportunities for collection irnprove= 
ment and growth, and participate in UCMP and the Berkeley Natural History Museums activities 
‘and events. For more information, see: http2/ib.berkeley.<du, 


Application packages should include a CV with a bibliography of published work, a description of 
research accomplishments and objectives, a statement of teaching interests, and selected reprints 
Three letters of reference should be sent separately by the resommender. 


Both applications and letters of reference should be submitted electronically via: ttp:// 
Ib.berkeley.cdu/admin/jobs/paleobiojob.php or via email to: PlantPalcobiology’a gmail.com. 1f 
electronic submission is not possible, materials may be sent by regular mail to: 
Plant-Paleobiology Search Committee 
Department of Integrative Biology 
3060 Valley Life Sciences Building 
University of California 
Berkeley, CA 94720-3140 USA 


1d supporting letters must be received electronically or postmarked by February 29, 
n March 10, 2008. Applicants should refer their reviewers to 
at http:/apo.chance.berkeley.cdu/evallte him. 


Applicat 
2008. Review of application will be 
the UC Berkeley Statement of Cor 


The University of California is an Equal Opportunity/Affirmative Action Emplover. 


UnIverstry of New HAMPSHIRE 


Associate Dean of, 

Undergraduate Studies 
“The Univenity of New Hampshire College 
OF Life Scenes and Agriculture, seks a0 
Astociate Dean for” Undergraduate 
Stodies: Reperting to the Dean, the ial 
candidate wl havea record of tinguished 
sooo eel eivcionl schioveriont td 
‘omnmtneat to underradian dkcaton tat 
Marek pian «teem Rely 
member, Qetmonsaied administrative sil 
Smolen conmeeckaioe ead mapa 
Sills commimcet to the principles of 
Aivrsiy the ability to nunc he caleg’s 
role widin the Univerity and the broader 
scodrnic commonly. ant the coment 
fo a college Wears tart Raced ca 
sorts eacinee, 


Applicants should subynit Curriculum Vitae, 
1-2 page vision statement on research and 
education, and and contact 


«Search Committee Chair, 403 
Kendall Hall, 129 Main Street, University 
‘of New Hampshire, Durham, NH 03824, 
Review of applications will begin Feb, 1, 
2008 and continue until the position is 
filled. For more information go. 10: 
bttp://www.colsa.unh.edu/employment/ 
index.html 

The University is committed to excellence in 
fas focalty and staff and strongls encourages 

‘women and minorities to apply: 


a 


Clinical Program Manager 
HIV/AIDS Prevention, Care and Treatment 
The US. Military HIV Research Program (USMHRP), supported by the 
Henry M. Jackson Foundation forthe Advancement of Military Modicine, 
ey contributor ident’s Emergency Plan for AIDS Rel 
(PEPFAR/Emergency Plan) in Kenya, Nigeria, Tanzania, and Uganda. 
This internationally recognized program is seeking a dynamic physician 
tomanage USMHRP's clinical programs supporting the Emergency Plan. 
Ensure quality clinical services are supported overseas (OCONUS) by 
the Walter Reed Army Institute of Research (WRAIR), as well as plan, 
implement and monitor clinical activities supporting the prevention, care 
and treatment initiatives, Must have demonstrated know ledge and ability 
related to HIV pathogenesis and treatment ( 
disease palliative care); HIV transmission and prevention; Medical Educa- 
tion program development and management experience: Program mooi- 
toring and evaluation; Budget development, management and reporting. 
Excellent communication skills; troubleshooting and supervisory skills. 
“Must havea Medical (MD) degree with post medical graduate education 
emal Medicine and fellowship in Infectious Disease or related. 
imum of 2 years of managing hospital based Infectious Disease 
id or clinical research experience is desired: 310 5 years of 
international work experience is preferred. Incumbent will be located at 
Rockville, Maryland offices and travel to research field as required on at 
least a semiannual basis, sponsored by the USMHRP to assist program, 
and liaise with on the ground U.S. govemment agencies 
Please e-mail resumes to carcers@hjforg or fax to 240-314-7334 with, 
Job No. 203001 in subject line. The Henry M. Jackson Foundation for 
the Advancement of Military Medicine offers a competitive salary and 
_generous benefits package. 


administrativ 


submission 


Isaacson, 
MA 02116. 


to apply. 
AAEEO 


Harvard University 
Associate Dean 

ision 
n implementing partner for the 


he builds the 


division is expected 
existing departments and c 
ated position will man 
eleven science departments plus several research centers 
The Associate Dean positio 
build an administrative ca the 


ntly scheduled to conclude in the 
date as soon thereafter as possible, 


Inquiries, referrals, and resumes should be sent (electronic 


confidence, with a Cover Tetter to: Laz Vago, Internal 
Miller, 334 Boylston Strect, Suite 500, Boston, 


Harvard University is an equal opportunity/affirmative action 
employer. Candidates from all backgrounds are encouraged 


Sciences 
ew sciences division, impr 
ystems, and under 


culty of Arts 


purst 
ers as well as themes that bring 
This recent! 
administrative activities spanning, 
offers a significant opportunity to 
ersity. It reports (0 

line report to the 

id Sciences. The search 

ig winter with 


3482€imsearch.com encouraged), in 


fox 4483, 
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POSITIONS OPEN 


‘TWO FACULTY POSITIONS 

Searches are underway in the Department of Plane 
‘Sciences at the Univenity of Tennessee Knowville (UT), 
Roth postions are ASSISTANT/ ASSOCIATE level, 
tenure track, 100 percent research appointments in the 
Tennesce Agricultural Experiment Station. Full pes 
tion descriptions can be fount at website: hesp:// 

lantsciences.utk.edu/positions hum. 


Biointoemat, stata and/or exper 
amctal woes. The sco eh a PO. 
SITION in BIOFUEL CROPS BREEDING of 
{gris fo cellulosic ethanol prediction. The selected 
fraividual will conduct applicd and basic plant beced 
ing research to identify and ineorporate key plant traits 
For optimum bioenergy production. 

‘Suocessful canclilates will be expected to create 
and sustain nationally recognized, vigorous research 
[programs that will be competitive 
temal funding. The successful ca 
‘excellent communication sil, 
‘dents and other scientists, and publish results in per- 
reviewed journals, Collaborative opportunities at UT 
abound, including those at the nearby Oak Ridge 

ational Laboratory, which has extrontinary compat 
ing capabilines, with opportunitics for adjunct status. 

‘Application procedure: Each applicant should 
send curriculum vitae and a statement of research 
interes, along with the names and contact informa: 
tion (including e-mail of at leas three references to: 
Janice Crockett (e-mail: janicettennessee.edu), 
Department of Plant Sciences, 252 Ellington 
Plant Science Building, 2431 Joe Johnson Drive, 
Knoxville, TN 37996-4561. 

Tnqgires for powitions should be made to, Search 
‘Chairs: Computational Systems Biologist: Neal Stew: 
art (e-mail: nealstewart@utk.edu, telephone: 865- 
974-6487), Biofvel Crops Breeder: Vince Pantalone 
(email: ypantalo@utkedu, telephone: 865-974 
8801) Review of applications will kegin on March 15, 
2008, and continue until the position is filles. 

The University of Tenmence is sn Liga Employment 
Opponaity/Armsive Action/TVie VU'Tide 1X/Serton 
8047 ADA/ADEA Iino tthe provision oft es 
tan and employment programs snd seme 


‘The DEPARTMENT of PSYCHIATRY 
‘Univenity of Pennaytania's 
‘Schoo! of Medicine 

The Degurtment of Phir seks cada or 
an ASSISTANT of ASSOCIATE PROFESSOR 
Postion in ether the nontentreclnican-edoctor 
Track ort tenure tack Tack and rank wl be comm 
imensita wih eapeence, The anccoull applica 
wri have experience i the eld of ncuroacee wi 
‘ocus on behavioral neuroscience incon mag 

cic rewnanee maging, we ccaplyske. Reser 
sists Ise pron a acy 
tunics to contbute to sudyof schizophrenia 
other brain donde while pursuing tadcpendent 
rexcrch, Applicants mut have an SLD. or PD 
epee and have demonsrrted excellent quake 
tho in edocaion and revcach. Indntass with 
Training i declopmcnal scronicns are eopeoaly 
couraged to apply. Opportunice for cnial and 
Texhing acthsee ae avilable. Plse wmcurc 
tm ay ener eer, the rere names, snd 
i waemetie of rescue ners to, Dght Le 
Evans, MD. Profesor and Chair; Raguel E- 
Gur, MLD, PhD,, Director of Neuropsyehisty, 
Betewnee 75-204 Reh Deptt of 
Reychiy 308) Hociey Hall"423 Guardian 
Daley Philadelphia, PA 19108-6021; e-mails 
oma spemaha 

Tie Unb of Pope ow Fp Open 
Afimatve Aten Epler. Wows end minty ones 
Se ioe nonmaed ore 
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“The Cell and Molecular Biology (CMB) Program at 
‘Grand Valley State University (Michigan) is secking 
‘candidates with experience in biowechndlogy and mo- 
Iccular biology for 2 TENURE-TRACK POSITION 
to begin inthe fill 2008. A Ph.D. in molecular biology 
‘or rested fick! and excelent communication skills are 
required: biotechnology, teaching, and postdoctoral 
experience are desired. Teaching responses wil 
Inchide an advanced undergraduate nud acids b> 
oratory, courses in the professional sciences Master's 
biotechnology curriculum, and other CMB offerings 
The suecessfl candidate wil be expected to maintain 
acine scholantup, research invoking uate 
and/or Master's students is desired. Grand Valley 
State University is a primarily undergraduate inst 
tution whose faculty members ac expected to advise 
students and partispate in the academic governance 
Of the Department, College, and Ui 

‘online at’ website: 

Tnclude a cover let 
‘of teaching philosophy and rescarch interes 
scanned copies of your transcripts. Arrange to have 
three letters of reference sent to: Mark Staves, 
Cell and Molecular Biology Search Committee 
Chair, Biology Department, Grand Valley Stat 
University, Allendale, MI 49401-9403 (e-mail 
stavesmé grsu.edu). If you have questions or need 
assistance, call Human Resources at telephor 
616-331-2215, Review of applications be 
February 18, 2008. Grund Valley State Univraty #2 
‘an Affirmative Action Equal Opportnity Employer 


BIOLOGICAL OCEANOGRAPHER 

‘TENURE-TRACK FACULTY POSITION 

Florida State University 
Department of Oceanography 

The Department of Oceanography’ scking 
fill'a tenure-track faculty postion in, biological 
‘oceanography. We are looking for excellent cand 
‘Stes wher are capected to become eae in thee 
respective ickls. The Department actnely collabo 
fates with the Department of Biological Sciences 
{Geebale hepe//orwbiosbaeda/) she Geophys 
KS) Fluid Dysamnics tnsticate: (website: betp:// 
‘www .gfdfsu.edu), an supports the Poni State 
Univcraty Conta and Marine Laboratory (webaite: 
haep:/ /www.maineab.fsucedu/), 3 lity with 
coat emcl and Lboraroricy,foctsing on rescarch, 
in the pristine ecosystems of the northeast Gull 
fof Metixo. The search will continue until the po 
Sikion ied, bur applications received by March fy 
3008, ae guarantee fll cogsteraton, Applicants 
a asked to send separate PDF Bes 

ulm vitae, a statement of rescarch teaching i 

thrcercerenocs via coma 

re Joo! Kostha (email: jhostha@ocean.fsucdu), 
Beparoment of Oxanorapy, Fora Sate Un 
versity, 117, N, Woodward ‘Avenue, P.O. Box 
13064520, Talhamce, FL 32306-4320. Te 
'850-644-6700; fax: 850-644-2581. FSU 2 Lop 
grt Emp en fom wor 
oonm 


PHARMACOLOGY TENURE-TRACK 
Nc Postion 
Univer of Wiel Sadion 

4 esau oly psn van ASSISTANT 
PROHESGORS mali’ Douroronar Com 
Fuso Benders Sea f Vel esc 
Gfaiianoe beck Bed punted exe 
ee 
a oe 
once class eral angle Teng 
attics Risks emocion Uf asieoen 
neem, To op eal caren es 
eceeeettteeall eres ol abe 
ey ea 
Midh,Cha’ Depuen of Compare io: 
Mest Gita ef Wma S018 Lina 
Date aadon Wi's3700: Ay ty Meath 
38 Feast ac se 
Soescineiwiata/ibeica Epd Gye 
ES 


The US, Deparment of Agriculture, Agricultural 
Roscarch Soniee (ARS), Vepetable Crops Rescarch 
Un, lated on che Univerty of Wisconsin cams 
3 appaon or 
2 pamanen, fille ponkon,Ineedsapanay: RE 
SEARCH PLANT MOLECULAR BOLOGIST/ 
RESEARCH GENETICIST PLANTS, GS-12/14 
to fad pevearch on a prop devoping, tole for 
Seaaatng snd inpronng crcunbar perp, ter 
Ung tats useful for cucumber breeder, de 
termining their inentans, developing enhanced 
fermplaun for uc by enctcie ant reer ard 
Froadenmg the molcelar knowledge bau of acu 
Ba Th tan prs ck oppose vo wk 
in an icrdsspnary ements to colbert 
‘dh culy, a, and wut Sly comme 
Tate with eipercnce ($6341) to SORDM per a 
ium), pls Beni. Candidates mat be US. core 
Cul ae ree 3 he ah a 
ouncemene (ARS AAW-OOD1) by ling telephone: 
301-304-1583, inthe ARS homepage at wet 
hpi /erwwarasada.gov or by contacting. Fan 
Welnbrenncr a tcephione: 608 890-0084, © mal 
Janwcinbecnner@areundagov. Candidacy fn 


the doning date of February 13, 2008 For in 
tion on the Reach Program contact Philipp Simon 
{608-262°1248 or e-mail: puimon@ 
SDA tan Equal Chyler and 
goer: Wien ad winrtsanecosnge  py 


FEINBERG SCHOOL of MEDICINE 
tment of Medicine 
Division of Hematology /Oncology 

The Division of Hematlogy/Oncology of North 
westem University’s Feinberg School of Medisine is 
S<cking accompli ivetgaiay rfl ine, eur 
track postions in bas or tranMational research The 
Divison consis of a faculty of over 35 (webs 
hetp://www.medicinesnocthwestem.<du/divisions/ 
hematology oncology ), all members of the Ni 
tional Cancer Institute-Designated Robert H. Lurie 

pmpchensive Cancer Center (website: hey // 
‘www furie northwestern). 

Candidates should have an M.D. Ph.D., of 
MD/PhD. degree and an established publiction 
record, Faculty rank and salary are negottale base 

on eapcricate, The proposed start date is summer 
2008, Tnerested candhlates should sit eure 
ium vitae by March 1, 2008, vr 

Jonathan D. Licht, M.D. 

Chief, Division of Hematology/Oncology 
Northwestern University Feinberg, 
‘Schoo! of Medicine 
Turie 5-123 
803 East Chicago Avene 
‘Chicago, IL 60611 
E-mail: hemonc@northnestern.ca 

The Finke Stl of Medne Afimative Action 
{Equal Opporty Explor. Women and mires re 

ge apy. Hg cote pon city ork 
ine Unted Sac. 


POSTDOCTORAL POSITION svailable to 
work in a confocal Raman/atomic force microscopy 
imaging facility to investigate the molecular mechs: 
hime oF gee diseases. Applicants with either Raman/ 
Fource gansiorm infrared spectroscopy /microscopy, 
‘or protcin-nuclar magnetic resonance experichce wil 
be preferred, Plese send complete curnculum vine 
and contact information of three references, elector 

ically to: Dr. J. Pande, e-mail: jpande@albany.ed 


wwaw.sciencecareers.org 
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POSITIONS OPEN 


USDA USDA Das iss" 


winnearsusda.gov 

RESEARCH LEADER. Agyiculrural Research 
Service (ARS) is secking applications for a perma 
nent, full-time, Research Leader. This position is 
intersciplinay (SUPERVISORY RESEARCH 
GENETICIST/ ENTOMOLOGIST/BIOLOGIST/ 
PLANT PATHOLOGIST, GS-40/414 /401/434 
114/15) and is located a the Wheat, Peanut, and Other 
Fiekl Crops Research Unit, in Sellwater, Ollahoma. As 
Research Leader (RL), the incumbent will be respon: 
sible for overall management and development of 
[programs in a premicr unit thar conducts research on 
pestressane germplasm and the asoxiated pests, The 
RI. is also responsible for developing a highly visible 
anal fective personal researh program fundamental 

plant protection of wheat, barley, sorghum, or pea 
1 through approaches inching developing. singhe 
and multiple pestresitant germplasm, chicidating 
biological, ecological, or genctic mechanisms leading 

improved management of pests, and/or developing 
improved pest management methods er technologies 
Salary'is commensurate with experience ($91,562 10 
$140,020 per annum) plus benefits. US. citizenship is 
required, The full-text announcement (ARS-X8S. 
(0059) is availae at the ARS carcers website (Website: 
hhetp://www.ars.usda.gov /eareers) or by calling. 
telephone: 301-504-1482, Locs 


fic exiucation andl expe 
iments. PhD desirable. Applications must be post 
mathe by February 29, 2008. USDA/ARS i a Ei! 
Oppotunty Engler and Prove 


ASSISTANT PROFESSOR in ECOLOGICAL 

ECONOMICS or BIOECONOMICS 

The School of Life Sciences at Arizona State Uni 

very (ASU) invites applications fora tenure-track 
nomics atthe Assistant rok level, The appoane 
the Bek hn the School of Lik Senos eal: 
conervicev@ant.edu, an! to promote colabortion 
With over academic us in AGU 

ag san wae dc each 
contact information for thre efsencs 
Chair Beologiil Economics ‘Search Comite, 
School of Life Ssences P.O, Bor #74501, Arona 
State University, Tempe, AZ BS287 4801. Ings 
nt emailed appiatons may be sent to ema 
nelsko@anedu, The inital deailine for receipe of 
$pplistions February 15.2008, th appicatons 
renewed wechythereafer unl the serch 8 closed. 

amid ch ted or enpemrt Ateoa Se 
iy an Aime Aon, al Open i 
7 cvomd care Hergh ty 


POSTDOCTORAL POSITIONS in, moleculse 
‘endocrinology and cancer therapeutics. Seeking 
feent Ph.D. graduates for funded openings ont 
[projects (1) growth hormone action and JAK-STAT, 
Using Chromatin. Immunopresipitation /microarray 
tcchnologics combined with computational analysis 
and traditional molecular approaches to clucidate 
‘sexually dimorphic liver gene expression (Molecular 
Endocrinolagy 20:2613-29, 2006); (2) cytochrome 
480 prodrug-based gene therapy for cancer (Molec 
ar Cancer Therapeutics 5:541-5, 2006; 6:2879-90, 
2007), Expertise in cell and molecular biology, ge 
hhomics and computational biology, gene therapy 
and/or pharmacology, and animal models highly 
‘desirable. Fleible start date, Send curriculum tx, 
Summary of rescarch experience and interests, and 
three references to: De. David J. Waxman, Depart: 

iology, Boston University, 5 Cumming- 
t, Boston, MA 02215. E-mai 
diw5@buedu. 
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FULL-TIME ENDOCRINOLOGY 

ASSISTANT PROFESSOR, Department of 
Medicine, Division of Endocrinology, University of 
Pittsburgh School of Medicine. M.D. or M.D., Ph.D, 
‘candidates are wekcome, The suecessful applicant will 
be an M.D. with exceptional skills and experience in 
clinical and basic research aspeas of diabetes and 
“obesity including but nor limited to rodent insulin and 
glucose chimps, ‘mathematical modeling of clamp 
deed datsers, liver, fit, beta cll, and/or human 
skcltal muscle Kepsy with biochemucal and aseological 
‘ealinon, intermediary carbohydrate and fat metab 
‘olism, signaling and enzymatic assays, and large 
datasct management skils. He/she must ako have 
‘excellent collaborative skills a6 well as current oF 
Anticipated academic independence with respect {0 
manuscript pecparation and. grant preparation. Full 
training and Bean! ceratication im diracl endecrincl 
By arc aso required 

lease send curriculum vitae to: 

Dr. Andrew Stewart, Chief 
Division of Endocrinology 
‘c/o Nancy Penney 
Endocrinology Division Administrator 
University of Pittsburgh 
£1140 BST, 200 Lothrop Street 
Pittsburgh, PA 15261 

The Unicity of Pear Afimaatiy Aco, Fat 

Oppomaney np 


AVIAN RESEARCH ECOLOGIST 
USS. Geological Survey's Patsxent 
Wildlife Research Center 

The U.S. Geological Survey’s Patuxent Willie 
Research Caner arch, Manan (weit: bap: // 
eww pwrreungsgov/) sccks a Reseach Ecclogie 
‘With capericnst cnacing research in avian bio, 
“cology and eonscraon. The ants exci 
tert ray be bead but spa conaeration wl Be 

reno dune with scach cress that esl po 
Sia edgy, moctorng. and comer fel 
As Kea imesngar the Ecblogb cond cgi te 
searth thar roponds to rial and national conser 
‘ion. goak, primary in support -of Department of 
i at mons At mt hh, 
Pkted ening at website: ap /www 
Shr/oars/. Announcement ER2008:0082 onc 
{oll quali US ctzenssnoenmncemest ER-2008. 
{0043 open to coment and former Fecal emiplayee. 
Announcement wil cpen on Tanuay 7, 2008, and 
‘one a mide ester standard me on February 19, 
32008. Apphcations mus be fills out completch and 
atlaippltmental materi such 3 proof of eduction, 
mst be submited to be considered. Adatonal de 
{ak rcpanling positon and aplication ae provided 
fon the webuter The US Gok Srey ian Lap 
Gpromny Empoyer 


RESEARCH ASSOCIATE, 

(ASSISTANT PROFESSOR) 
The University of Chicago, the Ben May Insti 
1 Cancer Rescarch is seeking 2 fulltime Research 
Aswociate (Assistant Professor) to csamine the sti 
tural interactions and biological fanctions of cellular 
signaling molecules mvolved in growth control using, 
a range of molecular, cellular, genctic, and or bio" 
physical approaches. Applicants should have Ph.D, 
degrec, and at least five years of rescarch experience 
in signal transduction, 

Qualified applicants should prowide current cursicu 
Jum vitae, bubGography, and. statement of research 
inwerest and goals, along with fall names, addresses, 
telephone/fax numbers, and e-mail addresses of at 
eae theoe scholar. who can provide academic refer 
‘ences, Application materials should be sent tor Aa 
Dembowski, Executive Administrator, The Univer- 
sity of Chicago, The Ben May Institute for Cancer 
Research, 929 E. 57th Sueet, CIS, W-4218 Chicago, 
11 60637. 

The Uinreity of Chas 
Opporninty Employer 


2 Afomative Aion Equal 


INSTRUCTOR of MEDICINE POSITION 
School of Medicine 
Department of Medicine 
Division of Cardiovascular Disease 

The University of Albbama at Birmingham, Division 
of Cardiovascular Discase is secking applicants with a 
PhD. of MLD. for the position of Instructor. This isa 
nontenure-caming faculty position, Candidates must 
be capable of independent’ designing and conducting, 
‘experiments and preparing and submitting data for 
publication. Iris expected thatthe succesful candidate 
‘sll be able ro scoureindeperstent, extramural funding, 

upport ongeang rescarch, Individual interested 

‘Pention should have experience in small animal 
sungery and be able wo work in both in vitro and in 
Vivo. Interested candidates should send” cuniculi 
‘itac, three letters of reference, and a brief statement 
Of yourintcrest to: Robert C. Bourge, M.D, Director, 
1900 University Boulevard, University of Alabama 
at Birmingham Station, Birmingham, AL 35294, 

CAB ica Fpl Oppotitty/ABinaie Aon Empey 


POSTDOCTORAL RESEARCH FELLOW in 
ATMOSPHERIC SCIENCES 

The Energy Biosciences Institute a the University 
‘of Minois at Urbana-Champaign ts sccking a Post- 
doctoral Researcher to conduct innovative research 
‘examining the biophysical implications of large-scale 
biofuel production as part of an interdisciphinary re 

arch program, The specific duties include the in 
‘gation of an existing biogeochemical oye 

agriculture crop model £0 explo 


tigate the implications of 
large-scale production of bofucls in the United 
States and other counties for agsiculcual lad 
carbon sequestration, and greenhouse gas emissh 

‘A Ph.D. in atmospheric sciences or another re= 

field in the sciences or engineering is requ 

The applicant should have working eapericne 
high-speed, super fist computers numerical 
tion models and ability to analyze satelite da 
land use changes and dypamies of the ajro-ccosyst 
Key factors in our hiring decision will be ineligence, 
thoughtfulness, creativity, motivation, productivity, 
and a record of siceemfil scientific publication, 

‘Applicants should send the fllowing materials by 
‘canal to Prof. Atul Jain (e-mail: jainl@uiue.edu) 
(1) curiculum vitae, (2) a letter describing research 
interest. and c, and (3) names and 

formation for tice references, Review of completes 
applications wil begin January 15, 2008, and continue 
‘unt position i ile. 


‘Make your faculty, scientist. oF postdoc bine ad 
‘STAND OUT ON THE PAGI 


all 202-126-660 
secre sont in ad pra, 


to in 


ETPLACE 


Foxe 214096800968 


wwww.sciencecareers.org 


